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The evaluation of the microbiological quality of natural waters still remains one of the 
biggest challenges despite concerns over protection of human health from illnesses, 
caused by consumption of water harboring microbial pathogens. The failures that lead 
to the spread of waterborne diseases are relatively common, and typically involve 
inadequate microbial detection methods, air quality preceding heavy rain events and 
inadequate disinfection processes. This doctoral thesis research aimed at providing a 
deep understanding of the bacterial diversity and quantity of specific bacterial 
pathogens in freshwater resources, along with knowledge on the possible sources of 
microbial contaminants and finally treatment of natural waters using a safe and novel 
microbial inactivation approach based on gene silencing.  
 
The microbiological evaluation of natural waters has been usually performed through 
the monitoring of fecal pollution indicators, which are expected to predict the 
potential presence of pathogenic microorganisms in the water. However, outbreaks of 
infectious diseases in drinking water have occurred both in the presence and absence 
of indicator organisms, indicating a critical need for detection of all or specific 
microbial pathogens instead of surrogates or pathogenic indicators.  In this work, the 
microbiological quality of fresh rainwater was assessed from 50 rain events under 
tropical weather conditions for a year.  The levels of four major opportunistic 
waterborne pathogens, namely, Escherichia coli, Klebsiella pneumoniae, 
Pseudomonas aeruginosa, and Aeromonas hydrophila, in rainwater samples were 
quantified by using an in–house developed robust and sensitive quantitative PCR 
(qPCR) method with a detection limit of 10 femtogram (~2 gene copies).  Of the 50 
 ix 
rainwater samples, 25 were found to be positive for at least one pathogen: 21 for E. 
coli, 16 for P. aeruginosa, 6 for K. pneumoniae, and 1 for A. hydrophila. Atmospheric 
aerosol particles also carry microbial organisms, and can be an important source of 
bacterial pathogens to aquatic systems upon wet and dry deposition. Therefore, in 
addition to rainwater (RW), the levels of these four bacterial pathogens were also 
determined in aerosols (airborne particulate matter, PM) using the qPCR method with 
differentiation between “live” and “dead” bacteria.  
 
The temporal distribution of these pathogens in PM and RW was found to be similar 
to each other.  The numbers of these bacterial pathogens were found to be very high 
in rain events under the influence of smoke haze period as compared to those in non-
haze periods, suggesting a strong influence of ambient air quality (e.g. regional smoke 
haze, caused by forest and peat fires) in determining the prevalence and abundance of 
bacterial pathogens in RW.  This work further shows a strong association between air 
and water quality in terms of biological contamination.  
 
Analyses of aquatic ecosystems seldom consider total microbial diversity due to lack 
of resources and practical constraints. Phylogenetic identification of microorganisms 
within the given local aquatic environments and correlation of their observed diversity 
and distribution with the prevailing natural environmental factors is critically 
important for extending this fundamental understanding of air-water interactions in 
tropical environments. As part of this doctoral study, the bacterial diversity of fresh 
rainwater and reservoir water was studied along with assessment of traditional fecal 
indicators (E.coli, Total coliforms, Enterococci and Heterotrophic plate counts) and 
species profiles in the tropical region of Singapore. The indicator fecal bacterial 
 x 
counts did not show any significant increase in abundance in reservoir water as 
compared to rainwater using traditional culture based method. The composition of 
aquatic microbial communities using in the reservoir water and fresh rainwater by 
16sRNA clone libraries indicated that the members of Betaproteobacteria dominated 
both the fresh rainwater and reservoir followed by Alphaproteobacteria, 
Sphingobacteria, Actinobacteria and Gammaproteobacteria, in both reservoir water 
and fresh rainwater. The Operational Taxonomic Unit with greatest difference in 
relative abundance for fresh rainwater was Curvibacter whereas for reservoir water it 
was Ralstonia. Fresh rainwater showed greater taxonomic richness than reservoir 
water. However, due to lower coverage of the traditional cloning method, our 
understanding about the composition, and phylogenetic diversity of the bacterial 
community in the freshwater is still limited. Hence, high-throughput molecular tools 
such as Pyrosequencing may provide a further understanding for the spatial and 
temporal changes of microbial community composition.  
 
Due to lower coverage of bacterial species in the traditional cloning method, the 
microbial communities of fresh rainwater and reservoir water were characterized 
using a high-density advanced molecular technique for universal 16S rRNA 
microarray analysis, namely, PhyloChip microarray system to develop an in-depth 
scientific knowledge of microbial communities in freshwater and their response to 
environmental factors.  The composition of microbial communities present before and 
after rain events in reservoir water was also compared in order to understand the 
impact of rain events on the microbial quality of freshwater in terms of identifying 
sources of microbial organisms in great depth. It was observed that fresh rainwater 
bacterial diversity formed a separate cluster as compared to the reservoir microbial 
 xi 
composition as rain and reservoir water samples had distinct incidence profiles. 
However, water samples collected before and after rain events in the reservoir had 
similar microbiome in terms of species richness.  Most importantly, the species 
evenness was observed to differ due to higher abundance of certain bacterial 
populations after rain events including an increase in Caulobacter vibrioides, multiple 
OTUs within Lachnospiraceae and Rhodospirillacea. The species which were found 
to increase after rain events mostly belonged to the Lachnospiraceae family, which 
are human fecal bacteria, thus highlighting the negative influence of tropical rainfall 
on the bacterial species abundance of freshwater stored in reservoirs. The results 
obtained in this study highlighted that the traditional fecal indicators fail to provide 
sufficient information for identifying causes and sources of poor water quality, thus 
the use of source-specific alternative fecal indicators is required that would enhance 
water quality assessments and management.  
 
The conventional water treatment technologies used to remove microbial pathogens 
rely on the use of chemical disinfectants such as chlorine. However, now there are 
serious issues such as resistance to chlorine and serious health concerns associated 
with the formation of harmful by-products, commonly known as disinfection by-
products during chlorination. Therefore, alternative disinfection approaches along 
with toxicity assessment before and after disinfection of microbial contaminated water 
are sought.   A novel approach based on Antisense deoxyoligonucleotide (ASO) gene 
silencing was developed as a potential disinfection method using ssDNA against groL 
and marA genes of E. coli (a model pathogen). groL-1 ssDNA against the groL gene 
was found to be the suitable target gene for  the ASO gene silencing as compared to 
marA in E.coli with inactivation potential of 1.5 log reduction in 90 min. This novel 
 xii 
disinfection approach was found to be safer than the conventional chlorination 
method as it showed lower cytotoxicity, caspase3/7 levels, DNA damage, micronuclei 
frequency, and higher cell viability as compared to chlorinated water when subjected 
to a comprehensive in-vitro toxicity study comprising cytotoxicity, caspase -- 3/7 
activation, Comet, micronuclei and cell viability assays. 
 
Assessment of the effectiveness of disinfection process and regular monitoring of 
water quality for bacterial pathogens is extremely crucial to prevent the occurrence of 
waterborne outbreaks. Consequently, a rapid, inexpensive and simple detection 
method based on “Resazurin” (an organic dye) was developed to assess disinfection 
efficiency as well as the presence of bacteria in natural waters. The developed and 
optimized Resazurin assay was able to detect 8 log bacteria in less than 1 hour and 5 
log bacteria within 6 hours of incubation in challenging, complex environmental 
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Figure 3.2: The prevalence of microbial pathogens E. coli, P. aeruginosa, K. pneumoniae and A. 


















































































































Figure 8.2:  A). Gene silencing potential of marA Targets on growth of E. coli. (B) Effect of marA-
1 ssDNA concentration on E. coli growth at different time intervals. Star (*) indicates 
significant difference in cell numbers relative to those with no ssDNA at p ≤ 0.01, (**) p ≤ 












































Figure 9.10: Comparison of results obtained for rainwater and roof runoff samples collected on 
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Chapter 1  
Introduction  
1.1 Research Background and Motivation 
Water shortage is becoming the number one problem in the world today: 1.2 billion 
people lack access to safe drinking water, 2.6 billion have little or no sanitation, 
millions of people die annually- 3, 900 children a day-from diseases transmitted 
through unsafe water or human excreta (Shannon et al., 2008). The ongoing drought 
in several parts of the world and the increasing demand of growing population reduce 
water reservoirs. Moreover, the problem of water scarcity is strongly connected to the 
problem of water quality. The study of water quantity is often focused on the 
development of new water resources, or on the management of existing water sources. 
Research involving water quality assessment examines the characteristics of water for 
either drinking water quality or for environmental management of water. The quality 
of water is affected by urban development, human activities and industrialization, and 
may even become unsafe for consumption, in some cases, so a comprehensive 
assessment is critically important. 
 
In both developing and industrialized nations, a growing number of contaminants 
such as heavy metals and organic compounds of diverse types are entering aquatic 
systems from human activity. Water quality monitoring methods are routinely used by 
water quality managers to characterize these chemical contaminants. In addition, 
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effective, lower-cost, robust treatments methods are also now available to disinfect 
and decontaminate waters. In the last decade, pathogenic episodes in lakes and 
reservoirs have been widely reported, and are often associated with rain events and 
riverine inflow, referred to as non-point sources of pollution (Brookes et al., 2004; 
Lemarchand et al., 2004; Savichtcheva and Okabe, 2006).  Numerous studies of the 
chemical composition of urban rainwater and airborne particulate matter (PM, 
aerosols) roof run-off (Yael et al., 1999; He et al., 2011; Karthikeyan et al., 2009; 
Sundarambal et al., 2009, 2010, 2011) have demonstrated relationships between 
concentrations of chemical contaminants and proximity to contaminant sources 
(emissions), weather patterns, and atmospheric transport and deposition onto aquatic 
systems.  However, the potential significance of similar processes to the bacterial 
composition of environmental water samples and aerosols has not been widely 
explored in the published literature. 
 
Bacteria are aerosolized from virtually all surfaces, including aerial plant parts, soil 
and water surfaces (Jones and Harrison, 2004). The aerosol transfer of viable bacteria 
from one ecosystem to another plays an important role in the biogeographical 
distribution of bacteria, as they are transported over broad ranges of aquatic and 
terrestrial ecosystems (Womack et al. 2010). The atmospheric transport of microbes 
between ecosystem types, such as from African desert soils to the Caribbean Sea 
(Prospero et al., 2005), or from ocean surface to land in coastal systems (Dueker et al., 
2011; Dueker et al., 2012) has important implications for our understanding of 
microbial contamination of aquatic systems.  
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Microorganisms can be removed from the atmosphere by either “dry” deposition – 
adherence to buildings, plants, the ground and other surfaces in contact with the air – 
or “wet” deposition – the precipitation of rain, snow or ice that has collected particles 
while forming or while falling to the surface. Thus, atmospheric transport and 
deposition seems to play an important role for the entry of bacterial pathogens into 
aquatic systems through atmospheric wet (rainfall) and dry deposition (natural fallout 
of airborne particulate matter, PM) pathways.   
 
Excessive rainfall (wet deposition) has been reported to be a significant contributor to 
historical waterborne disease outbreaks due to mobilization and transport of bacterial 
pathogens (Auld et al., 2004; Curriero et al., 2001; Ferguson et al., 2003; Brookes et 
al., 2004; Shehane et al., 2005). Over the past several decades, stormwater runoff has 
also been identified as one of the major causes of deterioration of receiving waters 
(Pitt et al., 1995; Gromaire et al., 2001). During rainfall, microbiological 
contaminants are washed from roofs and impervious surfaces into the stormwater 
system and then discharged into urban rivers or surface waterways (Brown and Peake, 
2006). 
 
Recent studies have revealed that many microbial aerosols have the capacity to 
process common atmospheric molecules (Ariya et al. 2002; Amato et al. 2005; 
Vaitilingom et al. 2011), and can serve as efficient cloud, rain, and fog nucleators 
(Posfai et al. 1995; Bauer et al. 2003; Ekstrom et al. 2010), which extend their impact 
to climate and atmospheric biogeochemistry. Finally, the microbial exchange between 
air and water creates a linkage between air and water quality.  A study of this linkage 
is largely unexplored in the context of water resources management, especially in 
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tropical urban areas; the prevailing meteorology in tropical areas makes it favorable 
for aerosolization of bacteria and their eventual deposition following their 
atmospheric cycle as depicted in Figure 1.1.  
 
Figure 1.1: Transport of microbes through Atmospheric deposition. Adapted from 
Deguillaume et al., 2008  
Microbial pollution of surface waters is a major concern for lake and reservoir 
managers worldwide. The water industry frequently uses bacterial indicator organism 
(e.g. fecal coliforms and Enterococci) presence and abundance in surface waters as a 
surrogate for the risk of contamination by actual pathogenic microorganisms. This is 
primarily due to the relative ease and low-cost of their measurement. However, it is 
now apparent that these bacterial indicators are not suitable for assessing the risk 
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posed by pathogens (Straub and Chandler, 2003; Savichtcheva and Okabe, 2006; 
Dorner et al. 2007; Ahmed et al., 2008). Several outbreaks of waterborne diseases 
have now been documented where the water quality met microbiological standards 
based on bacterial indicators (MacKenzie et al., 1994; Hrudey and Hrudey, 2004). 
The microbial community contains a highly heterogeneous group of organisms 
sharing only one common characteristic, their small sizes. These organisms make up 
two (out of three) entire domains of life on Earth, the prokaryotic Bacteria and 
Archaea (Woese, 1987). Within the third Domain, Eukarya, the majority of the 
phylogenetic diversity is contained within eukaryotic microorganisms such as 
protozoa, algae, and fungi. 
 
Of all the world's global ecosystems, freshwaters are under most pressure (Postel and 
Richter, 2003). Freshwater ecosystems are declining globally in extent and number, 
some at dramatic rates; as a result, threats to freshwater biodiversity are particularly 
severe (Dudgeon et al. 2006).  For sustainable and optimal use of goods and services 
derived from freshwater ecosystems, their protection through appropriate 
management is important (Palmer et al., 2005). 
 
Owing to the rapidly increasing importance of the sustainable management of 
freshwater resources, and the role of microorganisms in controlling its water quality, 
factors that affect the microbial community compositions in response to 
environmental changes need to be addressed. Thus, a detailed knowledge on the 




One third of the world's population lives in countries with some level of water stress. 
Water scarcity is expected to increase in the next few years due to increases in human 
population, per capita consumption and the resulting impacts of human activity on the 
environment (Asano, 2007). The availability of good quality water sources is 
therefore becoming more and more limited and at the same time the impact of water-
borne pathogens on human health is significant (Suresh and Smith, 2004). The 
incidence of water-borne diseases is increasing as disease-causing agents are easily 
dispersed through poor water management with pollution being directly or indirectly a 
consequence of biodiversity modification. It is estimated that globally around 1.1 
billion people globally have to drink unsafe drinking water each day (Kindhauser, 
2003). 
 
It is therefore critical to understand the relevance of natural and fresh water quality 
contribution to transmission of pathogenic microorganisms along with its diversity as 
regular monitoring and control of microbial growth is essential in preventing illness 
since millions of gallons of source water are purified and consumed on a daily basis 
(Berry et al., 2006). 
 
Although it is highly desirable to have a comprehensive database on the microbial 
diversity of natural waters, it is not practical to examine the water quality for every 
probable microbial pathogen on a routine basis. Thus, water quality monitoring 
directed toward the presence of waterborne pathogens relies on the detection of 
specific bacterial pathogens that are widely studied such as Escherichia coli, 
Klebsiella pneumoniae and other potential waterborne pathogens such as 
Pseudomonas aeruginosa, and Aeromonas hydrophila.   
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Traditional measurement methods used for assessing the microbiological quality of 
water samples do not quantify both culturable and non-culturable pathogens 
(Alexandrino et al., 2004). By contrast, bacterial pathogens can be characterized by a 
large array of molecular detection techniques that detect specific microorganisms 
without the need for cultivation.  All these approaches comprise the following 
analytical steps: [1] sampling and concentration of the bacteria; [2] extraction of the 
nucleic acids; [3] detection and quantification of the pathogen; and, in special cases, 
[4] assessment of virulence of the pathogen. A flow chart for the analysis of microbial 
quality through molecular approaches is given in Figure.1.2. Methods based on the 
amplification and comparisons of the rRNA sequences have been applied to detect 
pathogens in water and wastewater samples, but lack sensitivity and specificity apart 
from being laborious and time consuming (Gilbride et al., 2006). Thus, the lack of 
accurate, rapid and cost effective diagnostic tests poses a major challenge in the 
prevention and control of infections and outbreaks produced by waterborne 
pathogens. 
 
The PCR (Polymerase Chain Reaction) technique has been widely used within many 
biological disciplines. Protocols for the detection of microbial pathogens from a 
variety of sources, environmental monitoring of genetically modified organisms, and 
analysis of gene expression has been created (Bitton, 2005; Lo et al., 2006). The 
introduction of real-time monitoring for PCR reactions has greatly enhanced the field 
of environmental monitoring. The accumulation of the desired amplification products 
can be monitored in “real time” following each successive cycle of the reaction 
(McPherson and Møller, 2000; Logan et al., 2009). Thus, development of qPCR as a 
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detection platform would contribute to the development of an early warning pathogen 
detection system since sensitive, quantifiable results would be generated much sooner 
and with higher accuracy than traditional methods. 
 
Figure 1.2: Molecular analysis of bacterial pathogens from water sources. NA stands 
for nucleic acids, dotted lines indicate labeling of nucleic acids with fluorochromes 
after PCR or whole genome amplification (WGA). Adapted from Brettar and Höfle 
(2008) 
 
Analyses of aquatic ecosystems seldom consider total microbial diversity due to lack 
of resources and practical constraints. Phylogenetic identification of microorganisms 
within the given local aquatic environments and correlation of their observed diversity 
and distribution with the prevailing environmental factors is critically important for 
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gaining a fundamental understanding of air-water interactions in tropical 
environments. 
 
Culture-independent molecular surveys for characterizing microbial communities 
have now become essential due to the fact that more than 90% of the microbes present 
in the environment are difficult to culture or are unculturable (Schloss and 
Handelsman, 2005). Pace and colleagues (1986) led the way to a paradigm shift from 
cultivation-dependent to cultivation-independent molecular methods. Thus, in the past 
two decades, more and more culture-independent molecular techniques such as the 
fluorescence in situ hybridization (FISH), denaturing gradient gel electrophoresis 
(DGGE), terminal restriction fragment length polymorphism (T-RFLP) and 16S 
rDNA clone and sequencing provide a more realistic picture of the bacterial 
community structure (Altmann et al. 2003; Purdy et al. 2003). The mainstay of the 
molecular techniques for microbial identification is sequence analysis of the 16S 
ribosomal RNA (16S rRNA) gene. The 16S rRNA gene is tailor-made for microbial 
identification due to its universal presence in bacteria; extreme species sequence 
conservation and evolution-induced interspecies variability (Tringe and Hugenholtz, 
2008). Thus, studying the microbial diversity of natural waters was one of the broad 
objectives of this PhD thesis. 
 
The availability of safe drinking water is a substantive health concern being faced in 
today’s world because of the presence of disease-causing pathogens.  In view of this 
concern, water disinfection processes have been developed and used in order to 
provide clean and microbiologically safe water (Boorman et al., 1999).  In the interest 
of protecting public health, water treatment technologies across the globe heavily rely 
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on the use of chemical disinfectants, or ultraviolet irradiation (Carducci et al., 2009; 
Elmnasser et al., 2008). However, microbial pathogens such as Cryptosporidium 
parvum and Giardia lamblia and certain viruses such as Adenoviruses have been 
reported to develop resistance to conventional chemical disinfectants (Korich et al., 
1990; Nwachcuku and Garba, 2004) as well as UV treatment because of alterations in 
the configuration of their DNA after treatment (Weinbauer et al., 1997). Chlorine has 
been widely used for drinking water disinfection since the beginning of the last 
century, and still remains the major chemical disinfectant of choice around the world 
(Connell, 1996). However, the formation of harmful by-products, commonly known 
as disinfection by-products (DBPs), following chlorination has raised serious 
concerns about the effectiveness of this method (Richarson et al., 2007; Yuan et al., 
2005).  For example, epidemiological studies have suggested that exposure to these 
mutagenic DBPs may play an important role in the etiology of human kidney and 
bladder cancer (Cantor, 1997; Koivusalo et al., 1997). Correlation between 
consumption of chlorinated drinking water and an increased cancer risk has also been 
shown from epidemiological studies (Cantor, 1997; Koivusalo et al., 1997; Tao et al., 
1999). This health effect has also been confirmed by long-term carcinogenicity 
studies in rats and DNA damage in mice (Herren-Freund and Pereira, 1986; Yuan et 
al., 2006; Richardson et al., 2007).  Thus, even in the absence of microbial pathogens, 
the risk to human health still exists due to the presence of toxic DBPs. This concern 
brings to light the need of toxicological data, or research for toxicity assessment of 
disinfectants used in drinking waters for human consumption. Thus, there is a need to 
explore and develop new disinfection technologies, which address these health 




“Gene silencing (switching off of a gene expression by a mechanism other than 
genetic modification.)” has been studied in medicine for development of drugs 
towards treatment of cancer and viral infections (Nishitsuji et al., 2006; McLaughlin 
et al., 2007). However, its potential for modulating gene expression and inactivating 
microorganisms in environmental applications is yet to be explored.  Two main gene-
silencing mechanisms exist. The first method deals with antisense oligo 
deoxynucleotide (ASO) silencing, and relies on single strands of oligo 
deoxynucleotides, generally 12-22 nucleotides in length, which are reverse and 
complementary to the target mRNA (messenger RNA) of interest. The second 
mechanism focuses on RNA interference (RNAi), which has been demonstrated to be 
common among all eukaryotes and is initiated via a double-stranded RNA molecule, 
which is cleaved into discrete fragments 21-23 nucleotide in length (Crooke, 1999). 
 
In the ASO gene silencing (Figure.1.3), single stranded oligonucleotides are 
transported across the plasma membrane, by either poorly characterized natural 
processes, or by the use of facilitators such as cationic lipids (step 1). Once in the 
cytoplasm, single-stranded oligonucleotides rapidly accumulate in the cell nucleus 
(steps 2 and 3), where they bind to their targeted RNA (step 4). Once bound to the 
RNA, RNase H recognizes the oligonucleotide/RNA duplex as a substrate, cleaving 
the RNA strand and releasing the antisense oligonucleotide (step 5). Although the 
cleavage of the RNA by RNase H is shown to occur in the nucleus, RNase H is also 
present in the cytosol, allowing for cleavage to occur in that cellular compartment as 
well. This method has been optimized and applied to medical sciences, but its 
application to environmental issues is still unexplored. Also, till date, there are no data 
on the toxicity associated with gene silencing even though it is widely studied and 
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reported in the field of medicine. Thus, this PhD thesis work aims at making use of 















Figure 1.3: Mechanism of antisense oligonucleotide gene silencing. Adapted from 
Dean and Bennett (2003), Nature reviews.   
 
1.2 Objectives and scope  
For a sustainable future, there is a global need for efficient usage of natural sources of 
water. To be able to cater to this global aim, it is important to have a sound scientific 
understanding of the prevalence of microorganisms present in local water resources as 
well astheir possible sources. Apart from gaining this fundamental scientific 
knowledge, we need to develop safe and efficient control methods for inactivation of 
these microroganisms in natural waters in order to attain microbiologically safe and 
non-toxic water for best utilization of natural resources for human consumption.  
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With emphasis on the above-mentioned goals, this Ph.D. research project was carried 
out to address specific research questions. The location chosen for this thesis research 
was Singapore. Singapore is a tropical country with average temperature greater than 
18° C (64.4° F) and relative humidity approximately 84%. Singapore is a small island 
that doesn't have natural aquifers, lakes. Thus it faces high demand for water and is 
always on the lookout for best utilization of all freshwater resources. To meet the high 
demand for water, Singapore uses two separate systems to collect rainwater and used 
water. Rainwater is collected through a comprehensive network of drains, canals, 
rivers and stormwater collection ponds before it is channeled to Singapore's 17 
reservoirs for storage. This makes Singapore one of the few countries in the world to 
harvest urban stormwater on a large scale for its water supply.  
 
Thus, the information about prevalence of microbial pathogens in freshwater 
resources, their possible non-point sources and their inactivation is critically needed 
for effective management of freshwater sources in Singapore. Both rainwater and 
storm water are major water resources in Singapore where high levels of annual 
rainfall (ca. 2274 mm/year) are observed. 
 
This doctoral study has attempted to fill the existing knowledge gaps in the field of 
microbial quality of natural waters in order to provide microbiologically and 
toxicologically safe drinking water supplies, with the following specific objectives: 
 
(1) To optimize and develop a suitable Real–time PCR (qPCR) method for detection 
of microbial pathogens in rainwater and aerosols (suspended particulate matter in air); 
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(2) To identify and quantify selected pathogens (Escherichia coli, Pseudomonas 
aeruginosa, Klebsiella pneumoniae and Aeromonas hydrophila) in fresh rainwater as 
well as in aerosols using the optimized qPCR method; 
(3) To study the influence of ambient air quality on the abundance and diversity of 
microbial pathogens in natural waters because of the intimate air-water interactions in 
tropical urban areas such as Singapore; 
(4) To study a qualitative link between rainwater and aerosols with respect to their 
microbial quality; 
(5) To study the total biodiversity and microbial quality of rainwater as possible 
source to reservoir water quality; 
(6) To develop a novel and toxicologically safe disinfection method to inactivate 
waterborne microbial pathogens using gene silencing. 
(7) To make a comparative evaluation of the cytotoxicity and genotoxicity associated 
with of the new disinfection method in relation to that of the conventional disinfection 
method (chlorination) 
(8) To develop a simple, rapid and cost effective method for routine monitoring of 
microbial pathogens in natural waters. 
 
1.3 Structure of the Thesis  
The thesis is subdivided into the following chapters. 
Chapter 2: Literature Review 
This chapter provides the background information for the subject covered in this 
doctoral study that includes the prevalence of bacterial pathogens and their detection 
in natural waters. A comprehensive review is presented on the current status of the 
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microbial quality of freshwaters and the possible pathways by which bacterial 
pathogens can enter into freshwater lakes. The chapter also discusses the current 
strategies to control and treat bacterial pathogens in natural waters with their 
advantages and disadvantages. 
 
Chapter 3: Quantitative Real-Time PCR Analysis of Bacterial Pathogens in Fresh 
Rainwater under Different Weather Conditions 
Harvesting rainwater for potable use has often been utilized in rural areas without 
access to drinking water with the assumption that even primary treatment is 
unnecessary. However, harvested rainwater can contain microbial agents that are 
detrimental to human health. Another benefit of rainwater harvesting is the decrease 
in the amount of rainwater entering storm water systems, and hence the reduction in 
the microbial load in receiving waters. In this chapter, optimization and application of 
a real-Time PCR method for detection of selective bacterial pathogens in fresh 
rainwater is discussed. The influence of prevailing regional air quality on the 
microbial quality of rainwater is also presented and discussed in details. 
 
Chapter 4: Microbial Aspects of the Rainwater-Aerosol Coupling 
No work has been done yet to identify specific sources of microbial contamination in 
fresh rainwater. Urban aerosols have recently been found to contain up to 1,800 
different types of bacteria, comparable to the diversity found in soil bacterial 
communities (Brodie et al., 2007). Therefore, studying the qualitative link between 
the microbial composition of urban aerosols and that of rainwater would provide 
insights into the sources of microbes in rainwater. The main goal of this chapter is to 
better understand non-point sources of pathogenic contamination in fresh rainwater. 
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This chapter provides a basic understanding of rain-aerosol coupling with respect to 
microbiological contaminants and gives insights into the role of airborne particles and 
rainwater as sources of microbial pathogens in natural waters. 
 
Chapter 5: Determination of Metabolic State of Bacterial Pathogens in Airborne 
Particles using Propidium Monoazide-assisted qPCR 
The research described in this chapter provides a general framework   for 
determination of the metabolic state of bacterial pathogens in environmental samples 
based on the use of a modified PCR technique. The chapter also presents data on the 
viability state of bacterial pathogens in environmental samples. 
 
Chapter 6: Comparative Assessment of Water Quality and Bacterial diversity of 
fresh rainwater and tropical freshwater reservoir 
 From a microbiological perspective, two separate modes of contamination of the 
water resources are likely: the point sources of pollution and/or by non-point sources 
such as atmospheric deposition of environmental organisms. Major emphasis has been 
focused on the former in the interest of controlling their influence on the freshwater 
quality. Conversely, reports on freshwater quality have given little direct 
consideration to airborne microorganisms. Microorganisms in ambient air can be 
introduced to surface water via dry deposition (atmospheric fallout of coarse particles 
carrying microbial contamination) and/or wet deposition (deposition of rain droplets 
containing microorganisms) as explained earlier. Given the abundant rainfall in 
Singapore throughout the year, it is important to understand its impact on the quality 
and diversity of bacterial pathogens in freshwater reservoirs.  This chapter discusses 
the impact of bulk atmospheric deposition (wet and dry deposition) on the water 
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quality and diversity of Upper Pierce Reservoir, the deepest freshwater lake in 
Singapore using traditional 16sRNA cloning method.  
 
Chapter 7: Total Bacterial Diversity of Reservoir Water Before and After Rain 
Events 
With the understanding of limitation of cloning with respect to choice of clones, we 
focused on the total bacterial diversity of the reservoir being impacted by rainfall 
events. In this chapter, an in depth analysis of the impact of rainwater on fresh water 
bacterial diversity was studied by analysisng Upper Pierce Reservoir quality before 
and after rain events using most advanced PhyloChip analysis. 
 
Chapter 8: Novel approach for disinfection of waterborne bacterial pathogens and 
its toxicity assessment with conventional disinfection method 
In this chapter, a new disinfection method based on the use of gene silencing was 
evaluated for its potential inactivation of E.coli, a representative bacterial pathogen of 
fecal origin. A comprehensive toxicity assessment was made with respect to this new 
disinfection method in relation to the most widely used disinfection method- 
chlorination. Detailed results of in vitro cytotoxicity and genotoxicity assessments 
conducted in this study are discussed to assess the overall effectiveness of the new 
microbial inactivation method based on gene silencing. 
 
Chapter 9: Development of a Simple, Rapid, and Inexpensive Method for Detecting 
Microorganisms in Natural Waters 
The research work described in this chapter deals with development of a new simple 
and rapid bioanalytical method based on change in color of Resazurin dye for 
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qualitative assessment of bacterial contamination. This method can also be used for 
testing the effectiveness of any disinfection process. 
 
Chapter 10-11: Summary and Future work  
The major findings made in the doctoral study are summarized in this chapter. The 
major conclusions drawn from the study as well as recommendations for future work 









Chapter 2  
Literature Review 
2.1  Microbial quality of Freshwaters  
Natural waters, including lakes, ponds, rivers, streams and groundwater (water 
beneath the earth’s surface), consist of either freshwater or saline water. Freshwater is 
the most essential requirement for life and yet comprises only <1% of the Earth’s 
surface water (Johnson et al., 2001). Freshwater is an essential element of daily life, 
as well as an essential resource for many industrial and agricultural processes. 
Sustainable and optimal use of natural water resources is imperative in any country 
due to its concomitant economic implications such as industrial and population 
growth infrastructure and development demands. Clean and predictable supplies of 
freshwater drive the economic and ecological systems on which we depend, making 
the sustainable development of freshwater resources among the most pressing of 
global challenges today. Freshwater lakes are important reservoirs of water in some 
regions of the Earth. They harbor highly complex microbial communities with regard 
to species composition and metabolic activity.  
 
Despite the importance of freshwater ecosystems, increasing anthropogenic activities 
are continually degrading and changing freshwater ecosystems around the globe. The 
World Resources Institute (WRI) reported that 2.3 billion people live in areas where 
water demand is met by extraction from river basins that are under serious water 
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stress, as the annual per capita water availability is below 1700 m3 (WRI, 2008). 
Water has been recognized as a potential carrier of disease-causing agents for a long 
time. Many important human pathogens can survive in water and thus infect humans 
upon consumption. When waters are used for recreation, or as a source of food that is 
consumed uncooked, the possibility for disease transmission certainly exists (Slifko et 
al. 2000). Mostly natural lakes and rivers, manmade reservoirs, and groundwater 
depending on the regionally available freshwater resources provide source for 
drinking water.  
 
In recent times, environmental professionals have become increasingly concerned 
about the pollution of surface waters. The World Health Organization (WHO) 
estimated that about 80% of ill health, especially in developing countries, are water 
related (Cheesbrough, 2000). The transfer of fecal matter to water through direct 
contamination of surface run-off or sewage may add a variety of pathogens. The 
microbiological quality of fresh surface waters usually reflects the quantity and 
epidemiological quality of inputs from many sources, including sewage effluents, 
birds, animals and industrial studies and agricultural discharges (Hunter, 1997; Prüss, 
1998) 
 
Many of the disease-causing organisms found in water are classified as bacterial 
pathogens of enteric origin, and are predominantly found within the intestinal tract of 
mammals. Bacteria such as Pseudomonas aeruginosa (P. aeruginosa), Legionella 
pneumophila, Klebsiella pneumoniae (K. pneumoniae) and Aeromonas hydrophila (A. 
hydrophila) have been deemed emerging pathogens by Health Canada, as they had 
not been previously classified as waterborne and pose health risks to the immuno- 
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compromised people. Several of the most prominent species of disease-causing 
microbes frequently associated with human infection are E. coli O157:H7, Salmonella 
enterica serovar Typhimurium, C. jejuni, P. aeruginosa, Shigella flexneri and 
Klebsiella pneumoniae. Microorganisms, used as indicators of fecal pollution, may 
originate from sewage; animal feces or industrial processes, and include coliform 
organisms, fecal coliform organisms (Escherichia coli), enterococci/fecal 
streptococci, sulfite-reducing clostridia and bacteriophages (Hunter, 1997; Prüss, 
1998, Stanwell-Smith, 1994). 
 
Fecal bacteria have been used as an indicator for freshwater quality in urban areas, in 
streams/rivers (Mancini et al. 2005; Servais et al. 2007; Carvalho et al. 2011; Thorn et 
al. 2011; Viau et al. 2011), lakes (Haugland et al. 2005; Chandran et al. 2008) and 
coastal waters (Schiff et al. 2003). Moreover, certain indicators have been specifically 
related to urban water quality: E. coli (Mancini et al. 2005; Chandran et al. 2008; 
Servais et al. 2007; Thorn et al. 2011; Viau et al. 2011), Total coliforms (Mancini et 
al. 2004; Servais et al. 2007), fecal streptococci (Mancini et al. 2004), Enterococci 
(Viau et al. 2011; Haugland et al. 2005). The microbial opportunistic pathogens and 
indicators used in this thesis are: E. coli, P. aeruginosa, K. pneumoniae, A.hydrophila, 
total coliforms, and Enterococci. 
 
Escherichia coli (E. coli) 
E. coli is a Gram-negative, rod shaped bacterium commonly found in animal intestinal 
tracts. Most E. coli strains are harmless, but some serotypes (for e.g., 
enteropathogenic, enterotoxigenic, enterohemorragic E. coli strains) are important 
pathogens (Pachepsky et al., 2011). One of the most frequently encountered human 
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pathogens is E. coli, more specifically, the serotype O157:H7, which has been 
associated with many instances of waterborne and foodborne disease outbreaks 
because of its highly virulent attributes. The non-pathogenic E. coli variants are found 
within the lower intestinal tract of all warm-blooded mammals, a trait that allows for 
its use as an indicator of recent fecal contamination (Health Canada, 2006). Once shed 
in feces, E. coli O157:H7 encounters difficulty surviving in non-host environments 
over extended time periods because of fluctuations in nutrient concentrations and 
temperature (Winfield and Groisman, 2003). The continual transfer of cells between 
human and animal reservoirs stabilizes its survival rate when outside of a suitable host 
(Winfield and Groisman, 2003). 
 
Pseudomonas aeruginosa (P. aeruginosa) 
Pseudomonas aeruginosa is an opportunistic pathogen, which can cause infantile 
diarrhea, eye infections and mild skin rashes referred to as foliculitis (Geldreich, 
2006b). It is ubiquitous in the natural environment and has been frequently isolated 
from fecally contaminated surface water as well as both bottled and distilled water 
because of its ability to adapt well to nutrient-limited environments (Feltman, 2001). 
Several other species of Pseudomonas have also been isolated from bottled water, 
including P. putida and P. stutzeri (Geldreich, 2006b). The organism is also found in 
the feces of approximately 2-3% of healthy humans (Szewzyk et al., 2000). 
Pseudomonads are of particular interest since they have been detected within 
pipelines of drinking water distribution facilities, and are known to be resistant to 




Klebsiella pneumoniae (K. pneumoniae) 
As with Pseudomonads, members of the Klebsiella genus are opportunistic pathogens 
known to cause pneumonia, urinary tract infections and liver abcesses, the 
mechanisms behind which are currently not understood (Struve et al., 2005). The 
infectious dose of the organism has been estimated to be 105 cells; however, the 
ingestion of drinking water with as few as 35 cells per milliliter is sufficient to cause 
infection. K. pneumoniae are frequently encountered in the natural environment in 
soil and vegetation and have been detected in quantities of 104 to 106 per milliliter 
within the effluent from pulp and paper mills, wastewater and urban run-off 
(Geldreich, 2006a). 
 
Aeromonas hydrophila (A. hydrophila) 
Aeromonas hydrophila are Gram-negative, non-spore forming, rod-shaped, facultative 
anaerobic bacilli belonging to the family Aeromonadaceae. Although A. hydrophila 
are usually the dominant species, other aeromonads, such as  A. caviae and A. sobria, 
have also been isolated from human feces and from water sources (Health canada, 
2006; Daskalov, 2006). In recent years, A. hydrophila has gained public health 
recognition as an opportunistic pathogen.  It has been implicated as a potential agent 
of gastroenteritis, septicemia, meningitis, and wound infections.  It can play a 
significant role in intestinal disorders in children under five years old, the elderly, and 
immunosuppressed people. Aeromonas species, including A. hydrophila, are 
ubiquitous in the environment. It is frequently isolated from food, drinking water, and 
aquatic environments (Health canada, 2006; Handfield et al., 1996; Daskalov, 2006). 
A. hydrophila is resistant to standard chlorine treatments, probably surviving inside 
biofilms (Fernández et al., 2000). The common routes of infection suggested for 
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Aeromonas are the ingestion of contaminated water or food or contact of the organism 
with a break in the skin. Drinking or natural mineral water can be a possible source of 
contamination for humans. No person-to-person transmission has been reported 
(Health canada, 2006; Daskalov, 2006). 
 
Enterococci sps. 
Enterococci are Gram-positive, non-spore forming, catalase-negative ovoid cells.  
Most species are part of the intestinal flora of mammals, reptiles, birds, and other 
animals. In the human digestive tract, E. fecalis is the prevailing species, although in 
particular situations, E. faecium may predominate. In poultry, E. cecorum, E. durans, 
E. fecalis, E. faecium and E. hirae and dominate the intestinal flora [Wilson, 2005; 
Švec, 2009]. In environmental samples (compost, sewage effluent, harbor sediments, 
brackish water and swimming pool water), Pinto et al. (1999) reported the isolation of 
E. casseliflavus, E. durans, E. fecalis, E. faecium, E. gallinarum and E. hirae. The 
three species E. durans, E. faecium and E. hirae were isolated from all sources except 
from harbor sediments. E. raffinosus was only isolated from compost and swimming 
pool water. E. fecalis and E. faecium accounted for the vast majority of enterococcal 
strains. Although soil is not a natural habitat for Enterococci, cells can be found in 
this habitat due to the transport by rain (Wilson, 2005; Švec, 2009).  
 
Total Coliforms 
Total coliforms are Gram-negative, oxidase-negative, non-spore forming rods, that 
ferment lactose with gas production at 35–37 °C, after 48 h, in a medium with bile 
salts and detergents (Payment, 2003; Medema, 2003). Coliform bacteria are described 
and grouped, based on their common origin or characteristics, as either Total or Fecal 
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Coliform. The Total group includes Fecal Coliform bacteria such as E. coli, as well as 
other types of Coliform bacteria, which are naturally found in the soil.  Fecal 
Coliform bacteria exist in the intestines of warm-blooded animals and humans, and 
are found in bodily waste, animal droppings, and naturally in soil (Medema, 2003).  
Most of the Fecal Coliforms in fecal material are comprised of E. coli.  
 
Total Coliforms do not necessarily indicate recent water contamination by fecal 
waste. However, the presence or absence of these bacteria in treated water is often 
used to determine whether water disinfection is working properly.  The presence of 
fecal Coliform in well water may indicate recent contamination of the groundwater by 
human sewage or animal droppings, which could contain other bacteria, viruses, or 
disease causing organisms. This is why Coliform bacteria are considered “indicator 
organisms”; their presence is indicative of the potential presence of disease causing 
organisms and should alert the person responsible for the water to take precautionary 
action (Health Canada, 2006). 
 
2.2 Microbial diversity of Fresh waters   
Microbes are ubiquitous, extremely abundant and diverse, and have been 
demonstrated to play a major role in regulating key biogeochemical processes, 
including the carbon and nitrogen cycles in aquatic environments (Kirchman, 2008).  
However, analyses of aquatic ecosystems seldom consider microorganisms and their 
metabolic activity, with little known of the complex factors influencing bacterial 
community composition or the effect these communities have on ecosystem 
functioning (Dolan, 2005).   
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Microbial diversity in the environment can be measured by various indices such as 
phylogenetic diversity, species diversity, genotype diversity, and gene diversity 
(Figure.2.1). Phylogenetic identification of microorganisms within given 
environments and correlation of their observed diversity and distribution with the 




Figure 2.1: Different Measures of microbial diversity in natural environments 
 
Advances in the field of genetics have greatly improved the quality and accuracy of 
microbiological diversity . Of all the RNA molecules, rRNA has proven to be of most 
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interest in microbial diversity, especially 5S and 16S rRNA. PCR mediated 
amplification of 16S rRNA genes, using rRNA or rDNA from an environmental 
habitat followed by gene cloning, sequencing and comparative data analysis, provides 
an elegant way of obtaining information about the composition of microbial 
communities (Olsen et at. 1986). Use of the 16S rRNA gene sequencing method has 
caused an explosion in recognized species names. The 16S gene is present in all 
bacteria, the function of the gene has not changed over time that suggests that random 
sequence changes are a more accurate measure of evolution, and the 16S rRNA gene 
(1.500 bp) is large enough to store necessary information (Patel 2001; Janda & Abbott 
2007). Thus, making 16S rRNA gene sequencing is a popular method today.  In 1980, 
1, 791 valid species names were recognized in the Approved Lists, today over 14, 686 
names are listed (Euzéby 2012). This explosion in the number of recognized taxa can 
be attributed to the 16S rRNA method and how easy it is to use this method compared 
to more cumbersome methods, such as DNA-DNA hybridization investigations. The 
DNA-DNA hybridization method is the standard method used for proposed new 
species and for the definitive assignment of a strain with ambiguous properties to the 
correct taxonomic unit (Janda & Abbott 2007). It is generally believed that only 0.1-
1% of bacteria can be cultivated using traditional methods, but with DNA isolation 
and 16S rRNA screening the other 99% can be reached (Amann et al. 1995; 
Marteinsson et al. 2004).  
 
 Many studies have used the 16S rRNA gene sequencing method to identify genus or 
species of bacteria found in a specific freshwater lake (Pearce et al. 2005; Hahn et al. 
2009) or stream/river (Belt et al. 2007; Beier et al. 2008; Lee et al. 2010; Porat et al. 
2010; Souza et al. 2006; Hahn et al. 2009; Conradle et al. 2008). The 16S rRNA 
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sequencing method has been used to show species diversity (Pearce et al. 2005; Souza 
et al. 2006; Belt et al. 2007; Beier et al. 2008; Porat et al. 2010).  A few studies have 
used 16S rRNA gene sequencing to describe new species (Hahn et al. 2009; Strahan 
et al. 2011). Others have used the 16S rRNA gene sequencing method to re-identify 
known species (Conradle et al. 2008).  
 
 
Figure 2.2: Timeline for methods used for microbial diversity analysis. Adapted from 
Logue et al., 2008 
 
Although the 16S rRNA sequencing method plays an important role in identification 
of bacteria, it has low phylogenetic power at the species level and poor discriminatory 
power for some genera.  Prominent emerging fields in environmental microbiology 
overcoming these limitations are genomics (Pedros-Alio 2006) and metagenomics.  
Metagenomics is the study of the genomic features of entire bacterial communities 
(Handelsman 2004). The approach involved DNA extraction from an environmental 
sample and creation of large construct libraries (bacterial artificial chromosomes 
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(BAC) or fosmid clones), followed by physiological or genetic screening and 
sequencing (Figure 2.3).  Genomes of environmental microbial communities are 
extracted and cloned into large construct vectors. After transforming a host bacterium 
with the vector, the clones are further subcloned and sequenced, or screened for the 
expression of specific properties.  
 
Thus, to augment the current understanding of microbial diversity and dynamics 
through metagenomics in natural waters, the 16S rRNA gene DNA microarray called 
the PhyloChip is proposed (Wilson et al., 2002; Brodie et al., 2006) for the 
comprehensive identification of both bacterial and archaeal organisms. The chips 
targets the variation in the 16S rRNA gene, possessed by all prokaryotes, to capture 
the broad range of microbial diversity that may be present in the environment and 
allows bacteria and archaea to be identified and monitored in any type of sample 
without the need for microbial cultivation. This microarray consists of 500000 
oligonucleotide probes capable of identifying 8743 of Bacteria and Archaea, and 
provides a comprehensive census for the presence and relative abundance of most 
known prokaryotes in a massive parallel assay along with traditional cloning based 
16S rRNA gene sequencing method. The approach involved DNA extraction from an 
environmental sample and creation of large construct libraries (bacterial artificial 
chromosomes (BAC) or fosmid clones), followed by physiological or genetic 
screening and sequencing (Figure 2.3). Genomes of environmental microbial 
communities are extracted and cloned into large construct vectors. After transforming 
a host bacterium with the vector, the clones are further sub cloned and sequenced, or 




Figure 2.3: Metagenomics Approach used in studying Microbial diversity, Adapted 
from Logue et al., 2008 
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2.3 Methods for Microbial detection in Natural waters 
 
The primary goal of microbiological monitoring natural waters is to determine the 
presence or absence of pathogens rather than fecal indicators. To date, methods for 
the detection and enumeration of pathogens from wastewater and sludge have used a 
cumbersome approach that includes enrichment, isolation, and identification (APHA, 
1998). Moreover, monitoring the microbiological quality of waters for the many 
different human pathogens by using conventional methods (e.g., most probable 
number, membrane filtration, culture methods) is not practical because these methods 
are time-consuming, laborious, and do not allow the detection of all the cells present 
in the sample (i.e. active but non culturable cells).  Currently, pure-culture methods 
are used to detect bacteria and cell culture techniques to detect viruses, while 
microscopic methods are used for protozoan detection. The major limitations of 
culture methods are that (1) target microorganisms may not grow in culture media due 
to injury from exposure to environmental stressors such as disinfectants used during 
water treatment and (2) several enteric viruses and protozoa cannot be cultured in the 
laboratory and have been noted in many studies (Gerba, 1996; Tryland and Fiksdal, 
1998; Rompré et al., 2002; Shaban, 2007; Walters et al., 2007).  
 
The number of pathogens in wastewater and sludge is usually lower than the number 
of non-pathogens present. Because of these small concentrations, some specific form 
of enrichment, which may be preceded by a sample concentration step, is generally 
required. As a result, determining the concentration of different pathogenic 
microorganisms in wastewater and sludge is a difficult task that requires the 
development of new rapid molecular methods (Lemarchand et al. 2003; Rompré et al. 
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2002). DNA-based techniques carry the robustness of ideal detection methods since 
they are rapid, sensitive, specific and allow for the simultaneous analysis of many 
samples (Toze, 1999). In addition, the quantification results are equivalent in 
sensitivity to selective plating techniques, and do not always require pre-enrichment 
to resuscitate damaged cells (Abulreesh et al., 2006). The different types of molecular 
methods available for detection of microbes are listed in Table 2.1 with their 
characteristics advantages and disadvantages. 
 
Polymerase chain reaction (PCR) 
The discovery of the heat-stable DNA polymerase from Thermus aquaticus and its 
subsequent incorporation into cyclic primer extension reactions permitted the 
exponential amplification of any target DNA sequence (Brock and Freeze, 1969). 
This gene amplification significantly increases the probability of detecting the 
presence of a relatively low number of target microorganisms in natural water 
samples.  The most commonly used amplification procedure performed on the nucleic 
acid content obtained after a cellular lysis and a chemical extraction is PCR. This 
molecular approach is frequently used in microbial ecology to increase the relative 
concentration of target following extraction of total DNA from an environmental 
sample (Campbell et al. 2001). Variants of the polymerase chain reaction (PCR) 
including real-time quantitative PCR (qPCR), multiplex and nested formats as well as 
microarray technology have been tested against waterborne targets in many scientific 
studies, which are summarized in Table 2.2. The PCR amplification process requires 
the following steps: 
• The denaturation of the DNA from double-stranded to single stranded DNA; 
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• The hybridization of oligonucleotide primers to a specific sequence at an appropriate 
temperature; 
• The primer extension by a DNA Taq polymerase; 
• Numerous repetitions (cycling) of the above three steps. 
 
PCR amplifications follow an exponential trend, whereby the amount of target is 
assumed to double with each successive cycle, until billions of amplicons are present 
at the completion of the reaction, assuming perfect efficiency (Lo et al., 2006). The 
reaction itself is limited by the kinetics of the polymerase enzyme used to replicate the 
template. The amplification process will continue exponentially to the plateau phase, 
or endpoint of the reaction, where the ratio of enzyme to primer-template complexes 
shifts in favor of the products (Lo et al., 2006). In its conventional form, PCR is better 
suited for qualitative, presence-absence detection. Quantitative information relating to 
the original target concentration is therefore not obtained (McPherson and Møller, 
2000). To overcome this limitation, a variant of the PCR technique which is in 
development for waterborne pathogens detection is the Real-time PCR technique 
(qPCR); alongside other technologies like DNA microarray and biosensors.
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Molecular Methods Characteristics and Advantages Disadvantages 
Immunomagnetic capture Relatively specific for target organism 
Can be used for recovery from complex 
environmental samples 
Currently unable to discern viable from non 
viable organisms 
Nucleic acid hybridization Highly specific and used to differentiate 
virulent from nonvirulent strains 
 
Only applicable to culturable microbes 
Polymerase chain reaction  Rapid and specific 
Can be used for quantitative assays 
Can be applied to expressed genes  
Can be used to detect nonculturable viruses 
and other microbes 
Unless conditions are optimized, inconsistencies 
in performance can produce 
erroneous results. Currently unable to directly 
discern viable from nonviable organisms 
DNA microarrays Rapid and very sensitive detection 
High throughput for various applications 
Low sensitivity for environmental samples 
Sample processing complexities 
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Table 2.2: Studies Detecting Microbial Pathogens Using Different Molecular Techniques 
 
Pathogenic species Detection method Detection limit Reference 




RT-PCR & Microarray 
 




3 - 4 CFU/L tap water 
7 CFU/L river water 
Nguyen et al., 2005 
 
Khan et al., 2007 
 
 
Liu et al., 2008 
 
Shigella flexneri  Real-time PCR  Semi-nested PCR 
104 CFU/g feces  
25 CFU/100ml 
Yang et al., 2007 
du Preez et al., 2003 
Salmonella enterica  Real-time PCR  2 genomes  Fay et al., 2004 
Vibrio cholerae  Nested, multiplex PCR  3 CFU  Mendes et al., 2008 
Yersinia enterocolitica  Real-time-PCR  4.2 x 103 CFU /ml Wolffs et al., 2004 
Campylobacter jejuni  Multiplex real-time PCR  10 CFU /ml Hong et al., 2007 
Helicobacter pylori  Real-time PCR  2 cells /ml  Nayak and Rose, 2007 
Arcobacter butzleri  Multiplex PCR  <10 CFU  Brightwell et al., 2007 
Mycobacterium avium   Real-time PCR  <10 CFU /g feces  Scho¨nenbru¨cher et al., 2008  
Psedomonaus aeruginosa PCR/Probe Capture 20-30 CFU / ml Frahm et al., 2001 
Francisella tularensisd  Real-time PCR  13 genomes  Tomaso et al., 2007 
Salmonella typhimurium Nested-multiplex PCR 360 CFU / 100ml Touron et al., 2005 
Klebsiella pneumonia Currently no molecular study have focused on the quantification of this microorganism in water 
bodies 
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Real-time qPCR consists of monitoring fluorescently labeled PCR products as 
they are being amplified (Mackay 2004).  Amplicons are detected within the 
early exponential phase of amplification, the portion of the reaction where 
theoretical doubling occurs, as opposed to the endpoint of the reaction 
(Gilbride et al., 2006). This allows for a quantitative relationship to exist 
between the starting concentration of a target nucleic acid and the quantity of 
product during the exponential phase of the reaction (Bustin, 2004).  The copy 
number of the target gene is determined by the threshold cycle (CT) or 
crossing point (CP), which is the point in the reaction when a sufficient amount 
of amplicons have been generated. When the CT is met, the fluorescence of the 
sample rises above the background and can be registered by the instrument’s 
detector (Figure.2.4) (Mackay, 2004; Bustin, 2005). As the fluorescence 
increases, a sigmoidal curve characteristic of a typical PCR is produced, 
marking each phase in the reaction (Yang et al., 2004). 
 
The incorporation of molecules that exhibit fluorescence under certain 
conditions allows the quantity of a target nucleic acid in an unknown sample 
to be determined experimentally (MacKay, 2004).  In order for quantification 
to occur, a fluorescent signal is released by dyes or probes incorporated into 
the reaction. Thus, the fluorescent signal can be generated by using an 
intercalating fluorescent dye (e.g., SYBR Green I or SYBR Gold) or a probe 
system (e.g., TaqMan®). The use of intercalating dyes is the simplest and least 
costly approach and involves adding the fluorescent dye directly to the PCR. 
These dyes undergo a conformational change to become a more efficient 
fluorophore on binding to double-stranded DNA (dsDNA). Fluorescently 
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labeled probes with different detection chemistries can also be used as in 
qPCR studies, including the most popular technology, theTaqMan® probes 
alongside others such as molecular beacons and Scorpion probes (Figure. 2.5). 
Although SYBR Green I-based assays are very sensitive, the primer’s 
specificity for the target is crucial as any dsDNA is detected, including any 
primer artifacts, which can lead to false positive results. 
 Figure  2.4:  Typical amplification plot obtained during the qPCR cycling 
process 
 
In order to overcome this limitation, melting curves are generated along each 
qPCR reaction in the research studies. These melt curves accurately identify 
the desired amplicon and distinguish it from reaction artifacts such as primer 
dimers, since each double stranded nucleic acid will have a temperature at 
which denaturation occurs (Monis and Giglio, 2006). In order to generate 
these curves, PCR reactions are slowly and continuously heated over a 
specified temperature range (usually 50°C to 95°C) to dissociate the DNA 
 38 
duplexes. This process causes a decrease in fluorescence from the release of 
dye molecules (Logan et al., 2009). Peaks are computer-generated at a specific 
temperature for each product by plotting the first derivative of the 
fluorescence with respect to temperature against the temperature (Logan et al., 
2009). These maxima correspond to the points at which the maximum rate of 
change in fluorescence occurs for each product (Logan et al., 2009). With 
qPCR, melting curve generation is the confirmatory phase and occurs 
following the amplification cycling. 
 
Two methods of quantification can be applied to any qPCR reaction, which 
are denoted as either absolute quantitation (standard curve), or relative 
quantitation. The standard curve, or absolute quantitation is obtained by 
plotting a straight line for the log of initial copy number for a set of standards 
versus CT. Serially-diluted reference strains carrying defined a copy numbers 
of the target are used to construct standard curves (Monis and Giglio, 2006; 
Sun et al., 2010).  Absolute quantification is applied to scenarios where exact 
copy numbers and therefore the exact number of a particular microbial 
pathogen are required (Mackay, 2004). Relative quantification in contrast 
compares gene expression levels, denoted by changes in the signal generated 
by a target gene, to that of a reference gene in the same or similar sample 
matrix (Mackay, 2004). 
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Figure 2.5: Real-time PCR detection chemistries. Probe sequences are shown 
in blue while target DNA sequences are shown in black. Horizontal 
arrowheads indicate primers. Adapted from Wong et al., 2005 
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2.4 Air-water interactions  
 
Microbial pathogens generally enter bodies of water from two possible 
pathways referred to as either point or non-point sources. Point sources are 
considered as specific contamination routes such as the seepage of raw 
sewage, wastewater effluents and storm water (Savichtcheva and Okabe, 
2006). Non-point sources in comparison are those that are diffuse, occur over 
a broad geographical region and can be attributed to run-off originating from 
agricultural or urban areas (Lemarchand et al., 2004; Savichtcheva and Okabe, 
2006). 
 
Within the context of biogeochemical fluxes between systems, aerosols 
(airborne particulate matter) provide a mechanism for the transfer of microbes, 
nutrients, and pollutants (Dueker et al., 2012). Microbes are reported to be 
aerosolized from virtually all surfaces, including aerial plant parts, soil and 
water surfaces (Jones and Harrison, 2004). Aerosol production from surface 
waters results in the transfer of aquatic microbes to air. These microorganisms 
can then be transported by onshore winds to land, representing a 
biogeochemical connection between aquatic and terrestrial systems not 
normally considered.  They can also be removed from surfaces by gusts of 
wind or mechanical disturbances, such as shaking of leaves or surf breaking.  
Upon entering the air, they can be transported upwards by air currents and, 
due to their size, remain in the atmosphere for an average period of a few 
days. Thus, bioaerosols or airborne particles containing microorganisms are 
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another very important source of microbes found in natural waters. They are 
eventually removed from the atmosphere by either “dry” deposition – 
adherence to buildings, plants, the ground and other surfaces in contact with 
the air – or “wet” deposition – the precipitation of rain, snow or ice that has 
collected particles while forming or while falling to the surface (Burrows et 
al., 2009). 
 
It has been found that weather conditions play a key role in compromising 
water quality by increasing microbial loads either through intense precipitation 
events (Charron et al., 2004), or through long distance transport of airborne 
particles (Burrows et al., 2009).  A study by Lipp et al. (2001) also found that 
concentrations of fecal indicators and enteric viruses were higher in both 
sediment and water samples collected from an estuary following intense 
precipitation events caused by El Niño. Thus, over the past several decades, 
stormwater runoff along with rainwater has been identified as a major source 
of microbial pathogens and their transport to water bodies leading to 
deterioration of receiving waters (Gromaire et al., 2001; Gaspéri, 2006). 
 
The survival of pathogenic microbes is further enhanced by cellular adsorption  
to particulate matter as either suspended, free-floating, flocculated particles in 
turbid water or bottom sediments and they are able to withstand environmental 
pressures and extend their life cycle since they are not directly exposed to 
abiotic stressors such as sunlight (Arnone and Walling, 2007). Thus, microbial 
pathogens present in airborne particles survive longer and can get be 
transported to water bodies after precipitation events. Wet deposition of 
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aerosol particles is a key removal mechanism for maintaining a balance 
between atmospheric sources and sinks (Chate et al. 2003). In general, wet 
removal by precipitation is considered to be a very important and efficient 
process through which soluble atmospheric chemical species are transferred to 
both terrestrial and coastal ecosystems (Balasubramanian et al. 2001; Maria 
and Russell 2005). This air–water link is very well established for chemical 
species but there is lack of understanding with respect to the biological 
components or species. 
2.5  Monitoring  
 
The monitoring of the microbiological quality of natural waters and drinking 
water aims to protect consumers from illnesses due to consumption of water 
that may contain pathogens such as bacteria, viruses and protozoa, and thus to 
prevent drinking-water related illness outbreaks. The degradation of water 
resources has increased the need for determining the ambient status of water 
quality in order to provide an indication of changes induced by anthropogenic 
activities. Water quality monitoring refers to the acquisition of quantitative 
and representative information on the physical, chemical, and biological 
characteristics of a water body over time and space (Sanders et al., 1983). 
There are three main standardized techniques that have been applied to 
monitor the microbiological quality of water for many years. These techniques 
rely on the use of fecal indicators in media-based assays such as; (i) membrane 
filtration (MF) and (ii) multiple tube fermentation (MTF) as well as in (iii) 
defined substrate technologies (DST) (Griffin et al., 2001). 
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Standardized techniques for membrane filtration have been designed by the 
US EPA (US Environmental Protection Agency) based on size separation 
(Figure.2.6) and are common practice in water quality monitoring (Clesceri et 
al., 1999). The MTF technique involves preparing replicate tubes of a serially 
diluted water sample to estimate the mean coliform density (Rompré et al., 
2002). The MTF technique relies on reporting the most probable number 
(MPN) of microorganisms present in an unknown sample. The MPN 
designation utilizes statistical analysis to measure the most probable number 
of bacterial cells (coliforms) based on turbidometric estimation. Samples with 
greater turbidity are believed to contain higher coliform concentrations than 
those with only slight turbidity.  MF is a more widely used technique than 
MPN as the later is less sensitive and time consuming. MPN technique is 
currently being used for samples with high turbidity or flocculated particles 
that cannot be filtered using MF (Rompré et al., 2002). 
 
Figure 2.6: Size based guide for separation of microbial pathogens from 
drinking waters. Adapted from USEPA, 2005 
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In early 1990s, came the defined substrate tests (DSTs) or presence-absence 
tests for rapid, easy-to-use detection formats for monitoring water quality. 
DSTs are biochemical assays, which exploit the metabolic abilities of 
coliforms (both total and fecal) to hydrolyze known substrates in order to 
detect their presence or absence in unknown water samples. Such tests are 
designed to specifically allow only E. coli, the target microbe, to use nutrients 
from the media (Rompré et al., 2002). 
 
However, drinking water outbreaks have occurred both in presence or absence 
of indicator organisms and involved pathogenic microorganisms that have 
contaminated the drinking water, and that either were not eliminated during 
treatment, or the latter failed at the time of the outbreak. The United States 
Centre for Disease Control has reported 780 disease outbreaks associated with 
the consumption of contaminated drinking waters from 1971 to 2006, which 
affected 577, 094 people (Craun et al., 2010). The detected water-borne 
outbreaks are considered to be just the tip of the iceberg of the total drinking-
water-related illness. As indicated by Risebro et al. (2007) failures in the 
source water and in water treatment, independently or together, were the cause 
of more than 50% (34/61) of the outbreaks in European Union.  As per their 
report, livestock and rainfall in the catchment, with none or inadequate 
filtration of the water sources, contributed to Cryptosporidium outbreaks. Of 
the 23 protozoan parasite outbreaks that showed one treatment causative 
event, 90% of these events were filtration deficiencies. However, by contrast, 
for bacterial, viral, and mixed pathogen outbreaks, disinfection deficiencies 
were associated with 75% of the outbreaks (Risbero et al., 2007). Thus, along 
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with sensitive detection methods, there is need for robust and efficient 
disinfection techniques for preventing drinking water outbreaks. 
 
2.6 Microbial inactivation in natural waters 
 
The introduction of water disinfection caused a large drop in mortality from 
infectious diseases (Boorman et al., 1999) and is considered one of the major 
public health advances towards microbial inactivation.  Disinfection continues 
to be an important barrier in preventing human exposure to disease causing 
microbes in natural waters. Disinfection of drinking water to inactivate and 
control microbial contamination has been widely practiced since the early 20th 
century. The disinfection of treated wastewater came into widespread use in 
the U.S. A. and some other countries over a quarter century ago (White, 1986).  
A variety of factors are now known to influence the efficiency of microbial 
inactivation by disinfection methods (Hoff and Akin. 1986). These factors 
include: type of microbe, physiological condition of the microbe, type of 
disinfectant, water quality and engineering considerations (reactor design. 
mixing and other hydraulic conditions).  
 
Conventional disinfection methods may be divided between chemical and 
physical processes. In physical disinfection processes the microorganisms are 
removed or killed by means of irradiation with ultraviolet or ionizing 
radiation, heating to elevated temperatures, ultrasound, or separation through 
membrane filtration, for example, boiling water and UV treatment. Some of 
these processes are time consuming such as boiling water has been found to 
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impart a disagreeable taste (Ellis, 1991). UV radiation is the process where 
water is exposed to a lamp generating light at a wavelength of approximately 
250 nm. This wavelength is in the middle of the germicidal band and is 
responsible for damaging the DNA of bacteria and viruses. However, UV 
treatment is only effective for low turbidity waters and therefore pretreatment 
such as filtering is required for poor water quality sources. 
 
For over 4000 years, sunlight has also been used as an effective disinfectant 
(Conroy et al., 1996). When organisms are exposed to sunlight, photo 
sensitizers absorb photons of light in the UV-A and early visible wavelength 
regions of 320 to 450 nm. The photo sensitizers react with oxygen molecules 
to produce highly reactive oxygen species. In turn, these species react with 
DNA; this leads to strand breakage, which is fatal, and base changes, which 
result in mutagenic effects such as blocks to replication. However, for 
bacteria, this process is reversible as the bacteria may again become viable if 
conditions allow cells to be repaired (Kehoe et al., 2001; McGuigan et al., 
1999). 
 
In chemical processes, disinfecting substances such as ozone, chlorine, sodium 
hypochlorite or chlorine dioxide are added to the water to be treated. These 
processes are reliable, and have proven their efficiency over many decades. 
They not only kill microorganisms, but also provide a disinfection reservoir, 
which protects the water against recontamination for a certain time (Burch and 
Thomas, 1998).  A frequent drawback of the chemical processes is unwanted 
side reactions of the disinfectants with substances present in the water. These 
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reactions lead to disinfection byproducts (DBPs), which are harmful to human 
health (Figure.2.7). 
 
In 1976, the U.S. National Cancer Institute published results showing that 
chloroform, one of the trihalomethanes (THMs) that occurs as a byproduct of 
drinking water chemical disinfection, was carcinogenic in rodents (Boorman et 
al., 1999).  Since that time there has been a concern that chemical disinfection 
of water, while providing protection against microbial risks, could also pose 
chemically induced cancer risks for humans.  We now know that other THMs 
(e.g., bromodichloromethane, chlorodibromomethane, and bromoform) and 
other disinfection byproducts (DBPs), such as dichloroacetic acid, are 
carcinogenic in rodent bioassays (Boorman et al., 1999).  In addition, there are 
several epidemiology studies that have suggested a weak association between 
water disinfected with chlorine and the occurrence of bladder, rectal, and 
colon cancer (Morris, 1995; Cantor et al., 1998).  Besides chlorination, 
alternative disinfectants such as ozonation are also found to produce 
byproducts (e.g., bromate) that are carcinogenic to rodents (Boorman et al., 
1999). Consumption of drinking water with high THM levels has also been 
associated with adverse reproductive outcomes (Gallagher et al., 1998).  
 
Thus, one of the most complex and critical issues being faced by water utilities 
and the U.S. E (already defined before)) is how to minimize or avoid the 
potential DBPs formation and their effect on human health while achieving 
effective control of waterborne microbial pathogens.  Based on the reports 
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published on toxicity of DBPs in literature, there is an urgent need to develop 
new disinfection technologies that address these concerns. 
 
 
Figure 2.7: Commonly used Disinfection methods and their DBPs, Adapted 
from Boorman et al., 1999. 
 
Gene silencing is an upcoming technique for inactivating genes in 
microorganisms and could thus be used to control and inactivate microbial 
growth in a variety of fluids by silencing genes essential for cell survival. 
Gene silencing technology has mostly focused on medical applications, 
including cancer and viral infectious treatments (McLaughlin et al., 2007), 
with little research in other fields. For its application in other fields, the 
desired targets could be designed specifically in areas where a single class of 
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microorganisms needs to be removed (for example., Legionella spp. in cooling 
towers) or more broadly for other applications where multiple microorganisms 
must be inactivated (e.g., water disinfection). 
 
Two main gene-silencing mechanisms exist. The first method is antisense 
oligodeoxynucleotide (ASO) silencing and the second mechanism is RNA 
interference (RNAi), which is common among all eukaryotes (Fire et al., 
1998).  ASO silencing involves the use of antisense oligonucleotides that are 
designed to bind to mRNA through Watson–Crick hybridization.  In general, 
their size ranges from 12 to 25 nucleotides in length, with the majority of ASO 
being 18–21 nucleotides in length (Crooke, 1999). ASO can be used to 
selectively manipulate the expression of chosen gene or genes. Since mRNA 
detection and quantitation assays can be rapidly established for any gene, the 
most widely used methods that can accomplish this goal are antisense 
mechanisms that degrade target mRNA through either an RNase H or an 







Figure 2.8: Mechanism of ASO gene silencing (a) siRNA (b) RNase H, 
Adapted from Kole et al., 2012  
 
Thus, gene-silencing technology theoretically can be used for as gene 
expression modulation as well as inactivation of prokaryotic and eukaryotic 
microorganisms. Furthermore, it has the potential to be employed as a new 
disinfection technique against microbial contamination in natural waters. 
Systematic studies have not been conducted yet to explore the potential of this 
new gene silencing-based disinfection method and establish its reliability 
based on toxicity assays. 
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Chapter 3  
Quantitative Real-Time PCR Analysis of Microbial 





Water shortage is becoming a major problem worldwide due to increased 
demands of growing population and urbanization (Matondo et al., 2005; 
Kaldellis and Kondili, 2007). For a sustainable future, there is a global search 
for alternative sources of water, of which rainwater harvesting has received 
considerable attention (Hatibu et al., 2006; Sturmal et al., 2009).  However, 
the use of rainwater for potable purposes is impeded by the issues of water 
quality in terms of chemical and microbiological contamination and its 
potential health risks (Ahmed et al., 2008).  While numerous studies have been 
conducted on the chemical contamination of rainwater (Chang et al., 2004; 
Simmons et al., 2001; Balasubramanian et al., 2001; Hu and Balasubramanian, 
2003; Karthikeyan et al., 2009), its microbial quality remains relatively 
unknown due to the analytical challenge involved in the detection of a range 
of contaminants, particularly pathogens.   
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Some previous studies have reported that roof-harvested rainwater quality is 
generally acceptable for drinking and household purposes (Dillana and Zolan, 
1985; Heyworth, 2001) while more recent studies have revealed the presence 
of waterborne pathogens in rainwater samples (Simmons et al., 2001; Chang et 
al., 2004; Gould, 1999; Lye, 2002).  Differences in the characteristics of the 
catchment area, the type of water tanks, their cleanliness and other factors 
such as roof material, the intensity of human activities in the catchment area 
(urban or rural), the presence of insects and birds on the rooftop could be 
responsible for the contradictory results in the literature on the microbial 
quality of rainwater (Meera and Ahammed, 2006; Thomas and Greene, 1993; 
Lee et al., 2010).  Numerous studies conducted on the chemical composition 
of rainwater and roof run–off have demonstrated links between chemical 
contaminants and weather patterns, and atmospheric transport and deposition 
(Bridgman, 1992; Garnaud, 1999, He and Balasubramanian, 2010; Zhong et 
al., 2001). However, little is known about such links with respect to the 
microbial composition.  In order to identify sources of microorganisms in 
roof-harvested rainwater, it is desirable to study the microbial flora of fresh 
rainwater prior to its collection and storage with no contamination from 
external sources.  
   
Microbial water quality monitoring is generally directed toward indicator 
microorganisms such as coliforms, E. coli, and K. pneumoniae (Ibekwe and 
Grieve, 2003).  There are naturally occurring waterborne bacteria, such as 
Legionella spp., P. aeruginosa and A. hydrophila with the potential to cause 
illnesses, which are seldom considered as part of the routine water quality 
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monitoring. The absence of E. coli in water does not necessarily indicate the 
absence, or presence of other bacterial pathogens.  This study is designed to 
study the well-known microbiological indicator (E. coli) as well as selected 
emerging waterborne pathogens in fresh rainwater.  Traditional measurement 
methods used for assessing the microbiological quality of water samples are 
time consuming, and do not quantify both culturable and non-culturable 
pathogens (Alexandrio et al., 2004; Shannon et al., 2007).  On the other hand, 
molecular methods are useful in examining diverse waterborne pathogens 
without the need for cultivation. Molecular methods based on the 
amplification and comparisons of the rRNA sequences lack sensitivity and 
specificity apart from being laborious and time consuming (Gilbride et al., 
2006; Helga et al., 2010).  On the other hand, qPCR enables rapid, specific 
and sensitive detection of potential waterborne pathogens in surface waters 
and wastewaters that are difficult to detect using traditional culture-based 
methods (Kong et al., 2002; Lee et al., 2006; Sails et al.,2002; Savichtcheva et 
al., 2007). 
 
The objectives of the current study are to quantify the levels of opportunistic 
waterborne pathogens (E. coli, P.aeruginosa, K. pneumoniae and A. 
hydrophila) in fresh rainwater using qPCR and to study the influence of 
prevailing tropical weather conditions on the diversity and occurrence of these 
pathogens.   
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3.2 Materials and Methods 
 
3.2.1 Sampling Site.   
All the rainwater samples were collected on an event basis at the atmospheric 
research station located in the National University of Singapore (NUS). The 
sampling site was located 67 m above sea level, approximately 1 km away 
from the open sea, influenced by emissions from urban vehicular traffic, 
chemical industries, major power plants, oil refineries situated in a group of 
small islands on the west coast of the Singapore Island. The site is also 
influenced by advection of biomass burning-impacted air masses from the 
nearby provinces of Indonesia (Sumatra and Kalimantan) during dry seasons 
(July through October).  Singapore’s weather is characterized by uniform 
temperature and pressure, high humidity and abundant rainfall uniformly 
distributed throughout the year.  Singapore has two main seasons, the 
Northeast Monsoon (NEM), which prevails from December to March, and the 
Southwest Monsoon (SWM) that typically lasts from June to September.  Fifty 
rainwater samples were collected directly into sterile collectors using an 
automated, refrigerated rainwater sampler model US-330 (Ogasawara Keiki, 
Tokyo, Japan) under sterile conditions; these samples were collected from 50 
separate rain events under different weather conditions from June 2009 to May 
2010 in the tropical urban environment of Singapore.  
 
The sampler senses the onset of a rain event, opens the lid automatically, 
collects the rainwater into sterile storage vessels maintained inside the internal 
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refrigerator, and then closes the lid immediately after a rain event is 
completed. This automated sampler collects fresh rainwater only during the 
entire course of a rain event, and thus differs from “bulk collectors” which are 
prone to collect dustfall, debris and bird droppings when left to the open 
atmosphere prior to and after rainfall. The auto-sampler temperature was set at 
4oC and samples were maintained at this temperature prior to its 
microbiological analysis.  All rainwater samples were analyzed within 24 hr of 
collection. 
 
3.2.2 qPCR Analysis of Rainwater Samples.  
For the real time PCR analysis of the rainwater samples, 100 ml aliquot of the 
rainwater sample was filtered through a 0.45 µm pore size membrane.  It was 
then suspended in 5 ml of extraction buffer containing 0.01% sodium 
polyphosphate and 0.01% Tween 80 with pH 7.0 for extraction of the cells 
adhering to the membrane filter. This separation was achieved by vortexing 
the suspension vigorously for 5 to 10 min to detach the bacteria from the 
membranes and was then centrifuged at 8000 x g for 5 min at 4°C.  The 
supernatant was discarded, and the pellet was resuspended in 1 ml of sterile 
distilled water.  DNA extraction was then carried out by heating the pellet 
suspension at 95oC for 5 min and the DNA samples were stored at -80°C until 
needed.  The DNA extraction efficiency for the rainwater samples was found 
to be 96% with artificially spiked rainwater samples serving as control. 
 
 qPCR.  To quantify the microbial pathogens in the processed rainwater 
samples, the extracted DNA was subjected to the qPCR method by using 
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Quantitect SYBR Green PCR kit from Qiagen (GmbH, Germany) as per the 
manufacturer’s instruction.  The kit consisted of 12.5 µl of Quantitect SYBR 
Green reaction buffer, 0.3 µM of each primer and 2.5 µl of template DNA.  
For each PCR experiment, corresponding positive (target DNA) and negative 
(sterile distilled water) controls were included.  The qPCR was performed 
using a Rotor-Gene Q 5plex HRM thermal cycler (Qiagen Instrument AG, 
Switzerland).  The basic sequence of the PCR primers, designed by (Lee et al., 
2006), was modified with inclusion of few bases to match the annealing 
temperature and to avoid the formation of primer dimers. The specificity of 
primers at the species level was verified by performing a BLAST search of 
GenBank (National Center for Biotechnology Information, Bethesda, MD, 
USA).  The optimized primer sequences and the product size for each target 
are shown in Table.3.1. The cross-reactivity of each primer set for each target 
was also assessed by testing them against the rest of the opportunistic 
pathogens.  The primers did not amplify any PCR products other than those 
products that were expected, suggesting a high specificity for the tested 
primers. This finding was validated by carrying out the sequencing of the 
amplified products of the qPCR for each of the desired targets. The 
sequencing results confirmed a complete sequence alignment between the 
positive control and the amplified product.  The sequence of the amplified 
product also matched the desired target gene using CLUSTAL2W 2.1 multiple 
sequence alignment tool, which gave a score of 100 confirming the high 
specificity of the primer sequence.  
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The PCR cycling conditions were the same for all the target pathogens, which 
consisted of initial denaturation at 95°C for 10 min followed by 45 cycles of 
denaturation at 95°C for 15 sec, annealing at 60°C for 30 sec and extension at 
72°C for 90 sec.  The fluorescence of SYBR Green dye was measured at the 
extension step of every PCR cycle.  The desired PCR products from the 
RotorGene Q 5plex HRM instrument were confirmed by the melting curve 
analysis method and also on 2% agarose gel electrophoresis.  In order to 
confirm the detection of desired pathogens, an extra step of melting curve 
analysis was performed for each of the sample where it was heated from 70°C 
to 99°C and the SYBR Green fluorescence was measured every 1oC.  Since 
environmental samples contain many organic and inorganic substances 
capable of inhibiting PCR, an experiment was conducted to check for any kind 
of inhibition to the qPCR method by spiking rainwater samples without 
bacteria and with known concentrations of target genomic DNA and 
comparing them with the same concentration of genomic DNA in distilled 
water.  The results indicated the absence of inhibitory substances in rainwater 
samples. 
 
qPCR Analysis of Positive Controls (standards). E. coli ATCC 700790, 
A.hydrophilia ATCC 35654, K. pneumoniae ATCC 13883, P. aeruginosa 
ATCC 15692 were purchased from the American Tissue Culture Collection 
(Rockville, MD, USA).  Bacterial cells were grown in LB broth at 37ºC 
overnight with aeration on a rotary shaker at 220 rpm to approximately reach 
an optical density of 1.0 at 600 nm.  For all the pathogens, two sets of culture 
were diluted 10-fold; one set was used for standard plate count using serial 
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dilutions of the cultures plated on a LB agar and incubating them aerobically 
for 24 hr at 37°C to enumerate colony-forming unit (cfu)/ml and the second 
set was used for genomic DNA extraction.  Each bacterial culture (1.5 ml) was 
centrifuged at 8,000 x g for 10 min, and pellets were extracted in an elution 
volume of 100 µl using DNeasy® blood and tissue kit (Qiagen, Hilden, 
Germany) according to the manufacturer’s procedure. 
 
qPCR Detection Limits. To determine the limit of detection of the qPCR 
method, the genomic DNAs extracted from pure cultures of E. coli, P. 
aeruginosa, K. pneumoniae and A. hydrophila using the method as described 
above were quantified using a NanoDrop 1000 full spectrum UV-Vis 
spectrophotometer (Thermo Scientific, Wilmington, USA).  1 ng of respective 
genomic DNA was subjected to tenfold serial dilution and tested for the limit 
of detection by the qPCR method for the rainwater samples.  The qPCR 
detection limits were found to be 10 fg for E. coli which correspond to ~2 
copies of uidA gene (Rudd et al., 1990; Shannon et al., 2007).  The same 
detection limits were also found for P. aeruginosa, K. pneumoniae and A. 
hydrophila target genes regA, phoE and aha1, respectively, which are better 
than the values reported earlier (Sails et al., 2002; Behets et al., 2007).  The 
qPCR efficiency was found to be 94.9% for E. coli.  The linear correlation 
coefficients (R2) values obtained for standard curves ranged from 0.997 to 





3.2.3 Air Quality Analysis 
The air quality of the day prior to every rain event was evaluated using the 
following data: the PSI (Pollutants Standard Index, a measure of ambient air 
quality based on a continual, on-line monitoring of major criteria air pollutants 
(SO2, NO2, CO, O3 and PM10), Smoke Haze maps (satellite images reflecting 
the location of hot spots (forest/peat fires), the extent atmospheric visibility 
reduction (haze) and air mass backward trajectory analysis (the age and 
history of air masses received at the sampling site over a period of 72 hours).  
When the PSI is less than 50, the air quality is considered to be good.  When it 
is between 50 and 99, the air quality is moderate, and beyond 100 the air 
quality is considered to be unhealthy.  The PSI values and the haze maps were 
obtained for the respective days from the National Environmental Agency 
(NEA), Singapore.  The air mass backward trajectory analysis was performed 
in–house using an online model HYSPLIT (Draxler and Rolph, 2003) from 
NOAA (National Oceanic and Atmospheric Administration), USA. 
 
3.2.4 Statistical Analysis.  
Statistical correlations indicate the strength and direction of a linear 
relationship between two random variables. The Spearman rho correlation 
statistical analysis of the qPCR data was therefore carried out by using SPSS 
13.0 for Windows (SPSS Inc., Chicago, IL, USA) to determine if there exists 
any strong association between the occurrence of pathogens in rainwater and 
the PSI values, the indicator of the ambient air quality.  In this study, we also 
used Kruskal-Wallis test, which is a non-parametric test exploring the degree 
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of correlation for the presence of pathogens in rainwater between biomass 
burning-induced smoke haze and non-haze conditions. 
 
3.3 Results and Discussion  
3.3.1 Real time PCR assay (qPCR) 
Culture-based methods that are conventionally used for the analysis of 
bacterial pathogens suffer from the limitation of not being able to detect viable 
but non-culturable (VBNC) bacteria that are predominantly present in 
environmental samples (Shannon et al., 2007; Alexandrino et al., 2004).  As a 
result, the culture-based methods tend to always underestimate the microbial 
concentrations and their occurrence in environmental samples.  In addition, 
they are time-consuming, labor-intensive and not practical for routine 
microbiological monitoring.  Hence, the use of PCR-based methods was 
attempted in this study for the intended application as they are proven to be 
rapid and can detect VBNC bacteria in environmental waters (Sails et al., 
2002; Savichtcheva et al., 2007). The SYBR green dye used in Real-Time 
PCR in this study could suffer from the limitation of binding to nonspecific 
double-stranded DNA, resulting in the formation of primer dimers and other 
nonspecific products. To overcome this limitation and to be sure of the DNA 
amplification, the melt curve analysis was carried out following each Real-
Time PCR.  Thus, the PCR method employed in this study included 4 steps: 
(1) extraction of the bacteria adhering to the membranes into the buffer, (2) 
extraction of DNA fragments, (3) DNA amplification using SYBR green dye, 
and (4) confirmation using the melt curve analysis.  This analysis confirmed 
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that non-specific products were not formed for any of the target pathogens.  
The cross-reactivity of each primer set for each target was also assessed by 
testing them against rest of the three pathogens. The primers did not amplify 
any PCR products other than those products that were expected, suggesting a 
high specificity for the tested primers. In addition to melt-curve analysis, we 
ran some test samples for gel electrophoresis to further establish the 
amplification of desired templates. We applied the Real-Time PCR assay to 
the fresh rainwater matrix as well as PM2.5, for the first time, achieving good 
sensitivity for the detection of the desired pathogens. The specific primer 
sequences presented in Table.3.1 for the four pathogens were used in Real-
Time PCR assay.  
 
   Table 3.1: Primer sequences used in the study 
 
The standard curve for each of the four pathogens was prepared by using 
genomic DNA isolated from pure cultures of each of the four pathogens 
Aeromonas hydrophilia ATCC 35654, Klebsiella pneumoniae ATCC 13883, 
Pseudomonas aeruginosa ATCC 15692 and Escherichia coli DH5α using the 
method described in Materials and Methods section. 
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These genomic DNA samples were later used as positive control for the Real-
Time PCR analysis of the PM2.5 and rainwater samples. The Real-Time PCR 
assay was also tested for the presence of inhibitors and its detection limit.  The 
effects of the inhibitory substances on the Real-Time PCR assay were 
evaluated by spiking rainwater samples with known concentrations of target 
genomic DNA and comparing them with the same concentration of genomic 
DNA in distilled water. The results indicated the absence of inhibitory 
substances in rainwater samples, suggesting that the Singapore rainwater did 
not contain PCR inhibitory substances. The lower detection limit of the PCR 
assay and the standard curve for each of the pathogen were evaluated as 
described in Materials and Method section. The Real-Time PCR assay 
detection limits were found to be below 10 fg for E.coli (Figure.3.1a & 3b) 
which corresponds to ~2 copies of uidA gene assuming E.coli DNA to be 5.12 
x 10-15 g/cell (Rudd et al., 1990). The same detection limit holds true for P. 
aeruginosa, K.pneumoniae and A.hydrophila target gene regA, phoE and 
aha1, respectively.  The detection limit of this PCR method is better than 
those reported previously in the literature (Behets et al., 2007; Sails et al., 
2002). The melt-curve analysis for the standard curve confirmed the 
amplification of desired pathogen and its presence in the test sample 
(Figure.3.1c). Thus, the lyses approach for DNA extraction combined with 
Real-Time PCR profile resulted in a method which is rapid, specific and can 









Figure 3.1: Real-time PCR Assay: A) Amplification plot for 10-fold serially 
diluted genomic DNA from E.coli. B) Standard curve for 10-fold serially 
diluted genomic DNA from E.coli. C) Melt-curve profile confirmation for the 
10-fold serially diluted genomic DNA from E.coli. 
 
The detection limit of this PCR method is better than those reported previously 
in the literature (Behets et al., 2007; Sails et al., 2002). The melt-curve 
analysis for the standard curve confirmed the amplification of desired 
pathogen and its presence in the test sample (Figure.3.1c). Thus, the lyses 
approach for DNA extraction combined with Real-Time PCR profile resulted 
in a method which is rapid, specific and can be used to study the occurrence of 






3.3.2 Quantitative Microbial Evaluation of Fresh Rainwater  
We optimized the qPCR assay to detect and quantify microbial pathogens in 
rainwater, as they are usually present in low levels in environmental samples.  
Of the 50 samples tested, 25 (50%) were found to be positive for at least one 
of the four pathogens tested.  Of the 25 positive samples, 21 (42%) were found 
to be positive for E. coli, 16 (32%) for P. aeruginosa, 6 (12%) for K. 
pneumoniae and 1 (2%) for A. hydrophilia. It is thus clear that E. coli is the 
most prevalent pathogen among the four pathogens tested in the Singapore 
rainwaters (Figure. 3.2).  The numbers of E. coli in rainwater samples across 
the year ranged from 0 to 1.4 x 104 gene copies/100 ml using qPCR.  The 
numbers of P. aeruginosa, K. pneumoniae and A. hydrophilia were found to 
be in the range of 0 - 4.2 x 103, 0 - 1.2 x 103 and 0 - 33.2 gene copies/100 ml, 
respectively. 
Figure 3.2: The prevalence of microbial pathogens E. coli, P. aeruginosa, K. 
pneumoniae and A. hydrophila in Singapore rainwater from June 2009 to May 
2010 as determined by qPCR 
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In all the previous studies reported in the literature, the rainwater analysis was 
restricted to roof harvested rainwater and catchment systems (tanks, rain 
barrel).  The average numbers of E. coli was found to be ranging from 0 to 200 
CFU/ml in roof–harvested rainwater (Ahmed et al., 2008; Amin et al., 2009) 
and 4 to 800 CFU/ml in rainwater storage tanks using conventional detection 
methods (Martin et al., 2010). No data are available for fresh rainwater from 
the qPCR application for comparison with these studies.  In all these studies, 
E.coli was detected as the most common fecal contamination indicator, and 
was suggested to have originated from different harvesting methods, tanks 
surfaces, surface run-off and rooftop surfaces (Ahmed et al., 2008; Amin et 
al., 2009; Martin et al., 2010). The samples collected in this study were 
unlikely to be influenced by such external sources of contamination as 
encountered with the roof-harvested methods.  However, E.coli was still one 
of the microorganisms present in fresh rainwater contributing to its microbial 
diversity.  E. coli and P. aeruginosa have been used as model microorganisms 
in studies dealing with primary biological aerosol particles (An et al., 2006). 
These bioaerosol particles have been proposed to act as cloud-condensation 
nuclei (CCN) (Bauer et al., 2003; Ekstrom et al., 2010), suggesting a possible 
transfer of these opportunistic pathogens into the rainwater through cloud 
droplets.  Turkum et al. (2008) suggested that most of the species found in 
rainwater are derived from the aerosol and gas-phase components. Thus, 
certain features of rainwater composition can be constructed if the relevant 
data for aerosols are available for both chemical and biological species.  Based 
on the findings reported by Bauer et al. (2003) and Ekstrom et al. (2010), it 
appears that the presence of E. coli and P. aeruginosa in fresh rainwater is 
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most likely associated with their presence in bioaerosols, or in airborne 
microorganisms.  K. pneumoniae was also found to be present in 12% 
samples, co-existing with E. coli and P. aeruginosa in 8% samples; this 
observation is consistent with the finding reported by Korzeniewska et al. 
(2008).  The latter study reported that K. pneumoniae was found to co-exist 
with E. coli and P. aeruginosa in sewage and air samples which were 
suggested to be point sources of atmospheric microbiological pollution 
(Korzeniewska et al., 2008).  K. pneumoniae was also found to be prevalent in 
air samples near pulp and paper mills, suggesting it to be a part of bioaerosols 
and ambient air in urban environments (Gauthier and Archibald, 2001).  Cloud 
and rain droplets are known to scavenge atmospheric aerosols and gases 
through nucleation and below-cloud scavenging mechanisms, respectively 
(Balasubramanian et al., 2001; Maria and Russell, 2005; He and 
Balasubramanian, 2008).  It is thus quite likely that the microbial pathogens or 
flora associated with aerosol particles were incorporated into the rainwater 
composition through the scavenging mechanisms. In summary, our study 
shows that the fresh rainwater also contains microbial pathogens as was 
observed with the roof-harvested rainwater (Ahmed et al., 2008, Amin and 
Han, 2009) and therefore needs to be analyzed using a reliable molecular 
method such as the qPCR method for microbial risk assessment.   
 
The only limitation of the qPCR method is that it detects DNA and thus cannot 
differentiate between viable and non-viable bacteria.  The use of qPCR data in 
health risk assessment could raise serious concerns as it also detects dead cells 
that are not capable of infecting humans.  In order to perform a sound risk 
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assessment, methods that distinguish between live and dead cells should be 
used in conjunction with qPCR. A comprehensive study is discussed in 
Chapter-6 to develop method to quantify the live microbial pathogens in 
environmental samples using qPCR with Propidium monoazide (PMA).  The 
application of this method would help in risk assessment and would form a 
scientific basis to determine whether or not fresh rainwater can be consumed 
for potable purposes with no disinfection or pre-treatment.  
 
3.3.3 Air Quality Analysis  
Aerobiological studies reported in the literature have demonstrated the 
influence of changing weather patterns on the atmospheric concentrations of 
bacteria and fungal spores (Evans et al., 2006).  The incidence of allergic 
responses, respiratory ailments and outbreaks of infectious diseases during 
particular seasons has been attributed to the presence of certain species of 
airborne fungus (Evans et al., 2006). However, the significance of 
meteorological processes to the bacterial composition of fresh rainwater still 
remains unknown.  The present study attempted to understand the linkage 
between air quality and the bacterial loading in rainwater based on the data 
available in an opportunistic manner.  Since the rainwater was collected using 
an automated rainwater collector with negligible interference from dustfall or 
bird droppings, the most likely mode of microbiological contamination of 
rainwater was through atmospheric pathways (scavenging of airborne 
microorganisms and/or bioaerosols by cloud/rain droplets). In order to 
examine this possibility, the influence of prevailing air quality in Singapore on 
the microbial diversity of rainwater was studied from June 2009 to May 2010 
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by conducting a systematic air quality analysis.  This analysis differentiated 
between local and as regional influences of atmospheric conditions based on 
three complementary approaches as discussed in the experimental section (air 
quality analysis). The PSI values obtained from the National Environmental 
Agency (NEA), Singapore for all the 50 rain events suggested that the regional 
smoke haze, characterized by reduced atmospheric visibility due to biomass 
burning emissions, played an important role in influencing the microbial 
diversity of rain events; most of the rainwater samples collected when the PSI 
values were > 40 had the presence of more than one microbial indicator.  
Spearman rho correlation statistics was used to evaluate the effect of 
variations in ambient air quality (as reflected by PSI) on the occurrence of 
microorganisms in rainwater samples.  The correlation between PSI and the 
presence of four opportunistic pathogens was found to be positively significant 
(Spearman's rho= 0.64, 48 d.f., P= 0.000001).  This observation is consistent 
with the findings of Evans et al. (2006) who reported that airborne 
microorganisms make a significant contribution to the bacterial loading of roof 
water.  Evans et al. (2006) also showed the influence of weather conditions 
such as wind direction on the total contamination loading of roof runoff.  
 
Another interesting observation was made by carrying out the 72 h backward 
trajectories of air masses arriving at the sampling site during the one year 
sampling period for each rain event from the time of rainfall with 500 -1500 m 
AGL (above ground level).  The rainwater samples were categorized into two 
monsoons: (1) June 2009 – October 2009 (SWM), and (2) November 2009 – 
February 2010 (NEM).  The backward trajectory analysis showed that most of 
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the air masses received at Singapore during the SWM passed through regional 
hot spots (geographical areas with uncontrolled forest and peat fires) in 
Indonesia.  The advection of biomass burning-impacted air masses over a long 
distance resulted in atmospheric hazy conditions on a regional scale as 
characterized by reduced atmospheric visibility due to increased loading of 
aerosol particles (PM2.5; airborne particles with aerodynamic diameter ≤ 2.5 
µm) (Figure. 3.3).  On the other hand, during the NEM the air masses were of 
oceanic character travelling over the South-China Sea that were relatively 
cleaner with good atmospheric visibility. It was found that the diversity and 
numbers of indicator microorganisms were higher during the rain events 
collected under the influence of the SWM compared to those during the NEM.   
 
Figure 3.3: Numbers of microbial pathogens in rainwater between haze and 
non-haze periods. 
 
The difference in the number and relative concentrations of microbial 
indicators between the SWM and NEM periods was found to be statistically 
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significant when analyzed by Kruskal-Wallis test (H = 16.421, d.f. = 1, P = 
0.000051).  The increased prevalence and the concentration of the four 
opportunistic pathogens in rainwater observed during the SWM period could 
be attributed to biomass burning emissions advected from uncontrolled forest 
and peat fires in Sumatra and Borneo (Kalimantan) of Indonesia giving rise to 
the regional smoke haze.  To confirm this possibility, we also studied the daily 
regional haze maps with satellite images provided by NEA during the study 
period (2009 to 2010).  The analysis of satellite images provided information 
that was consistent with that obtained from the PSI and backward air trajectory 
analyses.  Thus, the rainwater samples collected in this study can be divided 
into two different weather conditions: rain events under the influence of 
biomass burning (haze period) mainly during the SWM and those without 
regional biomass burning influence (non-haze period) mainly under the NEM.  
It was observed that the microbial quality of rainwater was in the acceptable 
range in terms of their potability with 0 gene copies/100 ml in the non-haze 
period as compared to the average numbers of 2 x 103 gene copies/100 ml in 
the rain events under the influence of biomass burning (Figure.3.4). 
 
The microbial data collected in this study suggests that the prevailing air 
quality at the sampling location plays an important role in influencing the 
microbial quality of rainwater and thus needs to be considered in the microbial 
risk assessment of rainwater.   The link between air quality and microbial 
quality of rainwater under different weather conditions could be one of the 
reasons on the discrepancies reported in the literature about the potability of 
rainwater. Till date, there have been no reports in the literature with 
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information on the influence of weather conditions on the microbial quality of 
fresh rainwater.  However, very limited studies have been reported on the 
influence of wind and other climatic variables on the bacterial composition of 
roof run-off, or harvested rainwater (Evans et al., 2006). 
 
 
Figure 3.4: Temporal variations in the PM2.5 (PM with aerodynamic 
diameter ≤ 2.5 µm) concentrations and PSI values as recorded in Singapore 




This study investigated the microbial quality of fresh rainwater collected with 
an automated collector with reference to four selected opportunistic pathogens. 
Rainwater from 50 separate rain events was collected using an automated 
rainwater collector and the quantitative microbial quality of fresh rainwater 
was assessed using qPCR.  The major conclusions drawn from this study are 
listed below: 
• The four major opportunistic waterborne pathogens, namely, 
Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, 
 73 
and Aeromonas hydrophila, in rainwater samples were detected and 
quantified. 
 
• Of the 50 rainwater samples, 25 were found to be positive for at least 
one pathogen: 21 for E. coli, 16 for P. aeruginosa, 6 for K. 
pneumoniae, and 1 for A. hydrophila. 
 
•  The microbial quality of rainwater was found to be in the acceptable 
range in terms of their potability in the non-haze period as compared to 
the rain events under the influence of biomass burning. 
 
• A significant change in the diversity and relative abundance of the 
basic microbial indicator organisms in rainwater was observed during a 
major regional air pollution episode in Southeast Asia due to biomass-
burning emissions. 
 
• Overall, this study highlights the need of a comprehensive study to 
understand the link between prevailing weather conditions and the 
microbial quality of fresh rainwater so that a meaningful microbial risk 




Chapter 4  
Microbial Aspects of the Rainwater and Aerosol 
coupling 
 
4.1 Introduction  
 
Bacteria are constantly being transported through the atmosphere, which may 
have implications for human health, cloud formation, and the dispersal of 
bacterial species (Burrows et al., 2009b). Recent research indicates that 
excessive rainfall has been a significant contributor to historical waterborne 
disease outbreaks due to mobilization and transport of bacterial pathogens 
(Auld et al., 1998; Curriero et al., 2001; Ferguson et al., 2003; Brookes et al., 
2004; Shehane et al., 2005).  It has been reported that 51% of the outbreaks of 
waterborne diseases between 1948 and 1994 in the USA were preceded by 
precipitation events (Epstein, 1998; Gould, 1999). The outbreak of waterborne 
diseases in several parts of the world during the recent decades has received 
considerable attention as it threatens public health (Payment et al., 1997; 
Gibson et al., 1998; Howe et al., 2002).  Using artificial rainfall, several 
studies have demonstrated the release and transport of indicator bacteria 




Atmospheric deposition might thus play an important role for the entry of 
bacterial pathogens into aquatic systems through atmospheric wet (rainfall) 
and dry deposition (natural fallout of PM) pathways. Consequently, there is a 
need for gaining fundamental knowledge on the effect of meteorological 
variables on airborne bacterial concentrations and their distributions (Burrows 
et al., 2009a).  
 
A large diversity of airborne microorganisms have been identified to-date in 
association with either desert dust storms, or PM present at high altitudes 
(Bauer et al., 2002; Brodie et al., 2007; Echigo et al., 2005; Griffin, 2004; 
Griffin et al., 2003; Prospero et al., 2005; Shivaji et al., 2006).  However, only 
a limited number of studies have been conducted to determine the composition 
of bacteria in the lower atmosphere (Brodie et al., 2007; Griffin, 2004; 
Nowoisky et al., 2009; Shivaji et al., 2006).  Research has also been conducted 
to investigate the prevalence of microorganisms in roof-collected RW (Fujioka 
et al., 1991; Lee et al., 2006; Lye, 2002) that is exposed to external 
contaminants such as bird’s feces.  Martin et al. (2009) have recently reported 
an increase in bacterial numbers in storage systems following rain events.   
 
To date, no studies have been conducted yet to determine the levels of 
bacterial pathogens in fresh RW prior to its collection and storage in order to 
assess its possible impact on the quality of aquatic systems upon deposition.  
Rainfall can lead to scavening of contaminants from PM (He and 
Balasubramanian, 2008; He and Balasubramanian, 2009; He and 
Balasubramanian, 2010; Hu and Balasubramanian, 2003; Karthikeyan et al., 
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2009; Sundarambal et al., 2009).  Therefore, there is a strong need for 
quantifying the levels of bacterial pathogens in both PM and fresh RW 
following their simultaneous collection at the same sampling site.  
 
The main objective of this study is to investigate the prevalence of four well-
known bacterial pathogens of human health concern, namely, E. Coli 
(Escherichia coli), P. aeruginosa (Pseudomonas aeruginosa), K. pneumonia 
(Klebsiella pneumonia) and A. hydrophia (Aeromonas hydrophila) in both PM 
and fresh RW.  The results of this study are thought to provide a strong 
scientific foundation for assessing the relative importance of different 
atmospheric pathways for the transfer of airborne bacterial pathogens to 
aquatic systems.  In addition, they will help to develop an appropriate risk 
management framework for improved water quality of lakes and reservoirs 
used for drinking water supplies. 
 




Sampling site  
Both PM and RW samples were collected at the Atmospheric Research Station 
located at the rooftop of building E2 (1°18′ N and 103°46′ E, 67 m above sea 
level), the National University of Singapore (NUS).  The site is approximately 
1 km away from the open sea, influenced by emissions from chemical 
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industries, major power plants, oil refineries situated in a group of small 
islands on the west coast of the Singapore Island and also by urban vehicular 
traffic.  Due to its geographical location, Singapore’s climate, marked with 
high humidity and constant rainfall throughout the year, can be divided into 
Northeast and Southwest monsoons.  While the Northeast monsoon prevails 
typically from December to March, the Southwest monsoon lasts from June 
through September with winds blowing from Southwest over the equator into 
the Northern hemisphere.  The period from April to May is the inter- monsoon 
period with light variable winds and localized weather. 
 
PM2.5 Sampling 
PTFE membrane filters (pore size - 0.45 µm, diameter - 47 mm, PALL 
Corporation, Ann Arbor, MI, USA) were used for collection of fine particles 
in air (PM2.5 – particulate matter with aerodynamic diameter ≤ 2.5 µm) by a 
MiniVolTM (Airmetrics, Eugene, Oregon, USA) sampler for 24 hr duration for 
each sample.  Fifteen PM2.5 samples were collected from 1 August to 30 
September 2009, which encompassed smoke haze episodes that took place in 
SEA during the month of August 2009; regional smoke haze episodes, caused 
by uncontrolled forest and peat fires, occur in SEA almost every year with 
different intensity and duration and have been of environmental and public 
health concern.  All filters were preconditioned and weighed before and after 
the air sampling to obtain the particulate mass.  The pre- and post-sampling 
filters were conditioned in a dry box at 23°C and 33% relative humidity for at 
least 24 hr to get rid of the moisture.  Field blanks, obtained at regular 
intervals from the sampling site by placing filters in the filter holder with no 
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air being drawn through them, were also weighed for quality assurance 
purposes.  Mass concentrations of PM2.5 were calculated by subtracting the 
pre-collection weight from the post-collection weight and dividing by the 
volume of air that was drawn through the filter over the sampling period; the 
airflow rate maintained in the sampling device was 5 liter per minute.  The 
filter handling was done with a pair of sterile stainless steel forceps in order to 
prevent cross-contamination.  Any possible further cross-contamination was 
avoided by carrying out laboratory operations in a designated biosafety cabinet 
under aseptic conditions. The filtration unit employed in this study was also 
sterilized using an autoclave. After gravimetric analysis was carried out, the 
samples were packed in sterile Millipore petri slides and stored in zip-lock 
bags at 4°C until extraction and subsequent microbiological analysis PM2.5 
samples were analyzed within one week since collection. 
 
Rainwater Sampling 
Fifteen RW samples were collected on an event basis with an automated 
refrigerated rainwater sampler model US-330 (Ogasawara Keiki, Tokyo, 
Japan) under sterile conditions over the same sampling period as with PM2.5 
samples.  This sampler collected only rainwater with no interference from 
dustfall.  All samples were removed from the collector as soon as possible, 
certainly within 12 hr after a rain event ended. The sampler senses the rain to 
open the lid automatically and then collects the rainwater into the sterile 
storage vessel inside the refrigerator.  The auto-sampler temperature was set at 
4oC and samples were maintained at this temperature prior to its 
microbiological analysis.  RW samples were analyzed within 24 hr of 
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collection.  After collection, RW samples were immediately refrigerated at 
4°C until analysis. The sample containers were always rinsed and sterilized 
after each rain event in order to exclude contamination from one rain event to 
another.    
 
4.2.2 Enumeration of pathogens using culture method  
The membrane filtration method was used to process the rainwater samples for 
all the four bacterial enumeration.  Sample serial dilutions were made and 
filtered through 0.20-µm membrane filter (Whatman plc) under aseptic 
conditions and placed on selective media plate for enumeration of the desired 
four bacterial pathogens.  Sterile MacConkey agar and sterile Cystine-Lactose-
Electrolyte-Deficient agar (BD, Diagnostics) were used for enumeration of E. 
coli and K. pneumoniae. Sterile Pseudosel™ Agar (Cetrimide Agar) and 
Brilliant green bile salts- starch (BGBSS) agar were used for the enumeration 
of P. aeruginosa and A. hydrophila, respectively. The results are represented 
in CFU/100 ml. 
 
4.2.3 Microbial Analysis of Samples Using Real-Time PCR  
 
DNA extraction from rainwater samples  
For the Real-Time PCR analysis of the RW samples, 100 ml of the RW 
sample was filtered through a 0.20 µm membrane filter (Whatman plc) under 
aseptic conditions.  The membrane filter was then suspended in 5 ml of 0.01% 
sodium polyphosphate buffer containing 0.01% Tween 80 with pH 7.0 for 
extraction of the cells adhering to the membrane filter by vortexing the 
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suspension vigorously for 5 to 10 mins to detach the bacteria from the 
membranes and then centrifuged at 8000 x g for 5 mins at 4°C.  The 
supernatant was discarded, and the pellet was resuspended in 1 ml of sterile 
distilled water.  DNA was extracted by heating the suspension at 95oC for 10 
mins. The extracted DNA samples were stored at -80°C for further analysis of 
Real-Time PCR. The filter handling was done with a pair of sterile stainless 
steel forceps in order to prevent cross-contamination. Any possible further 
cross-contamination was avoided by carrying out laboratory operations in a 
designated biosafety cabinet under aseptic conditions. The filtration unit 
employed in this study was also sterilized using an autoclave.  
 
DNA extraction from PM2.5 Samples 
For the Real-Time PCR analysis of the PM2.5 samples, the membrane filter 
with airborne particulates was suspended in 5 ml of 0.01% sodium 
polyphosphate buffer containing 0.01% tween 80 with pH 7.0 for extraction of 
the cells adhering to the particles on the membrane filter. The extraction was 
done by vortexing the suspension vigorously for 5 to 10 mins to detach the 
bacteria from the particles and particles from the membranes and then 
centrifuging at 2000 x g for 5 mins at 4°C to separate the heavier particles.  
The pellet containing the heavier particles was discarded, and the supernatant 
containing the detached, residual bacteria was again centrifuged at 8000 x g 
for 5 min at 4°C to separate and concentrate the bacteria from the suspension. 
The resulting supernatant was discarded and the pellet (bacteria) was 
resuspended in 1 ml of sterile distilled water.  DNA was extracted by heating 
the suspension at 95oC for 10 mins.  The extracted DNA samples were stored 
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at -80°C for further analysis of Real-Time PCR within 48 hr and the DNA 
concentrations were adjusted to the DNA range used for the assay. 
  
Real-Time PCR Analysis  
The extracted DNA samples from both the PM2.5 and RW samples were 
subjected to Real-Time PCR method by using Quantitect SYBR Green PCR 
kit from Qiagen (GmbH, Germany) as per the manufacturer’s protocol which 
consisted of 12.5 µl of Quantitect SYBR green reaction buffer, 0.3 µM of each 
primer and 2.5 µl of template DNA for 25.0 µl of total volume.  For each PCR 
experiment, the corresponding positive (target DNA) and negative (sterile 
water) controls were included.  The Real-Time PCR was performed using a 
Rotor-Gene Q 5plex HRM thermal cycler (Qiagen Instrument AG, 
Switzerland).   
 
The basic sequence of the PCR primers, designed by (Lye, 1987), was 
modified with inclusion of few bases to match the annealing temperature and 
to avoid primer dimers. The specificity of primers at the species level was 
verified by performing a BLAST search of GenBank (National Center for 
Biotechnology Information, Bethesda, MD, USA). The PCR primers 
sequences used in this study and the product size for each target DNA is 
shown in Table 4.1.  For the Real-time PCR of E. coli, P. aeruginosa, K. 
pneumonia and A. hydrophila, the target genes used for detection were uid A 
regA, phoE and aha1, respectively. The PCR cycling conditions were the same 
for all the target pathogens, which consisted of initial denaturation at 95°C for 
5 mins followed by 45 cycles of denaturation at 95°C for 15 seconds, 
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annealing at 60°C for 30 seconds and extension at 72°C for 90 seconds.  The 
fluorescence of SYBR green dye was measured at the extension step of every 
PCR cycle.  The desired PCR products from the Rotor-Gene Q 5plex HRM 
instrument were confirmed by the melt-curve analysis method.  
 
For the melt-curve analysis, each of the PCR products was heated from 70°C 
to 99°C.  The resulting SYBR Green fluorescence was measured every 1°C by 
the instrument, which showed the melting temperature of the desired PCR 
product in the form of a negative first derivative plot as the rate of change in 
fluorescence over temperature range. This graph represented the desired 
amplicon as distinct melting peaks with specific melting temperature (Tm). 
Since environmental samples contain many organic and inorganic substances 
capable of inhibiting PCRs, we conducted an experiment to check for any kind 
of inhibition to the Real-Time PCR method by RW and PM2.5 that are devoid 
of any bacteria with the help of positive control as explained in the Materials 
and Methods section. 
 
4.2.4 Statistical Analysis 
Statistical analysis of the PCR data was done to determine if there was any 
strong association between the presence of pathogens in RW and that in PM2.5. 
Statistical correlation, if any, would indicate the strength and direction of a 
linear relationship between two random variables.  In this study, Pearson 
correlation matrix obtained by dividing the covariance of the two variables by 
the product, was constructed to explore the degree of correlation between the 
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occurrence of pathogens in PM2.5 and that in RW by using SPSS 13.0 for 
Windows (SPSS Inc., Chicago, IL, USA). 
 
4.3   Results and Discussion 
 
4.3.1 Microbial Analysis 
We initially used a culture-based method to study the prevalence of bacterial 
pathogens in RW.  Out of the 15 samples, only 3 samples showed the presence 
of E.coli with more than 10 CFU/100 ml, and 8 samples did not show the 
presence of E.coli as compared to 4 samples that did not show the presence of 
E.coli using the Real-time PCR method (Table 4.1). This suggests that the 
culture-based method underestimates the level of contamination in RW caused 
by bacterial pathogens as compared to the Real-time PCR method. Moreover, 
the culture-based method is more time-consuming and labor-intensive.  In 
addition, culture-based methods are known to have the limitation of not being 
able to detect viable but non- culturable (VBNC) bacteria present in 
environmental samples (Shannon et al., 2007; Alexandrino et al., 2004). The 
vast majority of environmental bacteria, particularly airborne bacteria, are 
non-culturable, even when viable, since the culturability of bacteria rapidly 
decreases following aerosolization (Burrows et al., 2009a).  As a result, the 
culture-based methods tend to always underestimate the microbial 
concentrations and their occurrence in environmental samples.  In order to 
overcome these limitations, the use of the PCR-based method was attempted 
in this study for the intended application as it is proven to be rapid and can 
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detect VBNC bacteria in environmental waters (Sails et al., 2002; 
Savichtcheva et al., 2007) 
Table 4.1: Summary of samples analyzed using both the culture based 
method and the Real-Time PCR method 
Key:  Nil: No colony counts  
        “+”: Presence of pathogens  
         “-“ : Absence of Pathogens 
 
We used the Real-Time PCR containing SYBR green dye as a fluorescence 
marker for detection of bacterial pathogens. The cross-reactivity of each 
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primer set for each target was also assessed by testing them against the rest of 
the three pathogens. The primers did not amplify any PCR products other than 
those products that were expected, suggesting a high specificity for the tested 
primers. This finding was validated by carrying out sequencing of the 
amplified products of the Real-Time PCR for the desired targets. The 
sequencing results confirm a complete sequence alignment between the 
positive control and the amplified product (Figure.4.1).  The sequence of the 
amplified product was also matched with the desired target gene using 
CLUSTAL 2.1 multiple sequence alignment tool, which gave a score of 100 
confirming the high specificity of the primer sequence.  In addition to the 
melt-curve analysis, gel electrophoresis was employed for some test samples 
to further establish the amplification of desired templates.  The Real-Time 
PCR assay was applied to the fresh RW matrix as well as PM2.5, for the first 
time, achieving good sensitivity for the detection of the desired pathogens. 
 
The specific primer sequences presented in Table 4.1 for the four pathogens 
were used in Real-Time PCR assay.  The standard curve for each of the four 
pathogens was prepared by using genomic DNA isolated from pure cultures of 
each of the four pathogens A. hydrophilia ATCC 35654, K. pneumoniae 
ATCC 13883, P. aeruginosa ATCC 15692 and E. coli DH5α using the method 
described in Materials and Methods section.  These genomic DNA samples 
were later used as positive controls for the Real-Time PCR analysis of the 
PM2.5 and rainwater samples.  The Real-Time PCR assay was also tested for 
the presence of inhibitors and its detection limit.  The effects of the inhibitory 
substances on the Real-Time PCR assay were evaluated by spiking rainwater 
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samples with known concentrations of target genomic DNA and comparing 
them with the same concentration of genomic DNA in distilled water. The 
results (Figure. 4.2) indicated the absence of inhibitory substances in rainwater 
samples, as the ct value obtained for both the spiked rainwater and spiked 
distilled water was the same.  In the case of PM2.5, the particles were first 
extracted in the buffer and then were spiked with known concentrations of 
target genomic DNA and compared with the same concentration of genomic 
DNA in distilled water. The results indicated the absence of inhibitory 
substances in RW samples, suggesting that the RW and PM2.5 samples did not 
contain PCR inhibitory substances.  The lower detection limit of the PCR 
assay and the standard curve for each of the pathogen were evaluated as 
described in section 3.2.4.  
 
The Real-Time PCR assay detection limits were found to be below 10 fg for 
E. coli which corresponds to ~2 copies of uidA gene assuming E. coli DNA to 
be 5.12 x 10-15 g/cell (Rudd et al., 1990). The same detection limit holds true 
for P. aeruginosa, K. pneumoniae and A. hydrophila target genes regA, phoE 
and aha1, respectively.  The detection limit of this PCR method is better than 
those reported previously in the literature (Behets et al., 2007; Sails et al., 
2002).  Thus, the DNA extraction using thermal lysis (also known as the Boil 
method) combined with Real-Time PCR profile resulted in a method that is 
inexpensive, rapid, and sensitive. It can also be used to study the occurrence of 
specific microbial pathogens even in environmental samples such as RW as 































Figure 4.1: Alignment and sequencing results of the E.coli (positive control) 
and the amplified product from environmental sample for validating primer 
specificity and any false positive result. The complete match for the sequence 
of positive control and amplified product confirms the absence of cross-
reactions and thus high primer specificity. 
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Figure 4.2: Amplification plot for the E.coli template spiked in rainwater and 
sterile distilled water to check for possible inhibition to PCR. Insert shows 
melt curve analysis of the amplified template. 
 
4.3.2 Prevalence of Microbial Pathogens in PM2.5 Samples 
The presence of the four bacterial pathogens in the PM2.5 samples was 
determined based on the Real-Time PCR assay as described earlier.  Among 
the four pathogens tested in aerosol samples, E. coli was found to be the most 
prevalent in PM2.5.  Out of the 15 PM2.5 samples tested, 8 samples (53%) were 
found to be positive for E. coli and 3 (20%) samples for P. aeruginosa 
(Figure. 4.3a & 4.3b).  However, none of the samples contained A. hydrophila, 
while only one sample was found to be positive for K. pneumoniae (7%).  E. 
coli and P. aeruginosa were used as model organisms in previous studies 
dealing with airborne microorganisms (An et al., 2006), but there is very little 
information in the literature about their presence in PM2.5 in the outdoor 
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environment. The fungal biodiversity of PM was investigated (Nowoisky et 
al., 2009), but less is known about its bacterial diversity since most of the 
previous studies reported bacterial diversity based on the total bacterial 
numbers with no emphasis on the detection of the specific species or 
pathogens prevalent in either PM or bioaerosols.   
     
Figure 4.3: a) Prevalence of E. coli in PM2.5 and its corresponding rainwater 
samples. The presence is indicated as a unit of 10, and the absence as 0 on Y-
axis. b) Prevalence of P. aeruginosa in PM2.5 and its corresponding rainwater 





Grisolia et al. (2009) reported the prevalence of Gram-negative bacteria in 
general, as a group, which is part of PM along with fungi and Gram-positive 
bacteria.  However, the specific bacterial species in the Gram- negative group 
present in PM in the urban atmosphere remain largely unknown.  This is the 
first study to report the presence of specific pathogens in the urban PM2.5 and 
RW in the tropical environment.   
 
The other significant finding emanating from this work is that only those 
PM2.5 samples that contained E. coli showed the presence of other pathogens 
such as P. aeruginosa and K. pneumoniae as mentioned earlier. This finding is 
consistent with those reported in previous studies where K. pneumoniae was 
found to co-exist with E. coli and P. aeruginosa in sewage and air samples 
collected at a wastewater treatment plant (WWTP) that was suggested to be a 
point source of atmospheric biological pollution (Karra and Katsivella et al, 
2007; Korzeniewska et al, 2008).  Prazmo et al. (2003) found that Klebsiella 
that is associated with respiratory diseases was prevalent in air samples 
collected in pulp and paper mills (paper factories).  Thus, most of the previous 
work dealing with airborne microorganisms was conducted near point sources 
such as industries, wastewater plants, poultry farms, swine farms and water 
treatment plants.   
 
However, little is known about the types of bacterial pathogens in the ambient 
air of urban cities where the population is increasing at a rapid rate and human 
exposure to disease-causing bacterial pathogens is of great concern.  To 
further confirm the presence of the suspected pathogens in PM2.5 samples, the 
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melt-curve analysis was done as described in the experimental section. It was 
found that all the PM2.5 samples showing presence of E. coli and/or P. 
aeruginosa in the amplification plot of Real-Time PCR had the same melting 
temperature in the melt-curve as that of the positive control (Figure. 4.4).  
 
Figure 4.4: Real-Time PCR amplification plot for aerosol samples collected 
on 26 August, 2009 showing the presence of E. coli (E.c, PM) and P. 
aeruginosa (P.a, PM) in airborne particulate matter (PM) along with the 
positive controls of E. coli (E.c, PC) and P. aeruginosa (P.a, PC). The inset 
shows the melt-curve profile confirming the presence of these pathogens. 
 
Another interesting finding made in this study was that the presence of 
bacterial pathogens in both PM2.5 and RW samples was detected more 
frequently in the month of August as compared to September 2009.  The 
difference in the prevalence between the August and September samples was 
found to be statisitcally different (p = 0.024) when tested with T-test. For the 
15 PM2.5 samples collected in this study, their mass concentrations ranged 
between 13.6 µg/m3 and 47 µg/m3 with higher concentrations (> 29 µg/m3) 
being measured in the month of August 2009 as compared to September. The 
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difference in the air quality between August 2009 and September 2009 was 
found to be statistically significant based on the atmospheric levels of PM2.5.  
 
The deterioration in air quality appeared to be associated with the number of 
hot spots (areas where forest and peat fires took place) in the biomass burning 
affected region in the neighboring province of Indonesia (Sumatra) as 
provided by the National Environment Agency (NEA), Singapore (Figure.4.5). 
Variations in the prevalence of E. coli followed closely those of PM2.5 as can 
be seen in Figure.4.6.  Singapore experienced intermittent smoke haze in the 
month of August 2009 due to uncontrolled forest and peat fires in Indonesia as 
evident from satellite images (National Environment Agency, Singapore).  
 
Figure 4.5 : The temporal variations of PM2.5 mass concentrations and E.coli 
in PM2.5. The presence (peaks) and absence (valleys) of E. coli in PM2.5 are 
indicated by arbitrary units. 
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Figure 4.6: (A) Regional haze map as of 5 July 2009 (NEA, Singapore) 
having hot spots in the Sumatra region. (B) Air mass backward trajectory 
analysis for 72 hr on 5th July 2009 for altitudes of 500, 1000, 1500 m above 
ground level (AGL) calculated for the sampling site passing through Sumatra. 
 
 94 
Trans-boundary air pollution in South-East Asia originating from biomass 
burning has been recognized as important sources of regional and global scale 
air pollutants (Balasubramanian et al., 1999; Lee et al., 2006). Biomass 
burning results in regional smoke haze and contribute to a significant increase 
in the atmospheric loading of airborne particulate matter following its 
transport by prevailing winds (Balasubramanian et al., 2003). The atmospheric 
impact caused by trans-boundary air pollution of biomass burning origin was 
quite similar to that by natural dust storms (Hong et al., 2010; Husar et al., 
2001; Prospero, 1999). The regional haze caused by Asian dust events is 
known to inject microorganisms into the atmosphere and facilitate the 
dispersal of biological particles, or airborne particles bearing microorganisms 
affecting the biological quality of the atmosphere and also other compartments 
of the environment (Kakikawa et al., 2009).  
 
Rain events occurring during the course of regional smoke haze, or Asian dust 
storms tend to wash out airborne microorganisms, or airborne particles 
containing them by falling rain droplets. This below-cloud scavenging process 
could in turn lead to an increased number of microorganisms in RW than those 
observed during the absence of regional air pollution episodes. It has been 
reported that aerosol emissions from vegetation fires or biomass burning have 
a large impact on air quality and climate (Janhall et al., 2010). Thus, the 
association between the presence of E. coli in PM2.5 in the month of August 
2009 and the occurrence of trans-boundary smoke haze in Singapore requires 
an in-depth investigation, which is a subject of our future study.      
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4.3.3 Prevalence of Microbial Pathogens in RW Samples 
For the RW samples, a similar trend in the prevalence of pathogens was 
observed as in the case of PM2.5 samples.  Specifically, of the 15 rainwater 
samples tested, 10 (67%) samples were found to be positive for E. coli and 6 
for P. aeruginosa (Figure.4.3a & 4.3b).  Three rainwater samples were found 
to be containing K. pneumoniae (20%) while only one sample was positive for 
A. hydrophila.  Thus, E. coli was once again the most prevalent pathogen 
among all the four bacterial pathogens as observed in the case of the PM2.5 
samples.  This similarity in the diversity of bacterial pathogens between PM2.5 
and RW, when collected simultaneously, suggests that the pathogens in PM2.5 
were possibly transferred to RW owing to their scavenging potential.  We 
made a similar observation in the case of chemical constituents of PM (He and 
Balasubramanian, 2008; Hu et al., 2003) and quantified the scavenging ratios 
for each ionic species.  It was found that only those RW samples that 
contained E.coli showed the presence of other pathogens, which is consistent 
with the observation made for PM2.5 as discussed in section 4.3.2.  Out of the 
15 RW samples tested, 10 of them were positive for E.coli and 7 of which 
were also positive for at least two pathogens; 2 samples were positive for all 
the 3 pathogens found prevalent in PM2.5 samples.  To further confirm the 
presence of the suspected pathogens, the melt-curve analysis was conducted.  
It was found that all the RW samples showing the presence of E.coli and/or 
P.aeruginosa in the amplification plot of the Real-Time PCR had the same 
melting temperature as that of the positive control (Figure. 4.7).  
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Figure.4.7: Real-Time PCR amplification plot for rainwater sample collected 
on 26th August, 2009 showing the presence of E. coli (E.c, RW) and P. 
aeruginosa (P.a, RW) in rainwater (RW) along with the positive controls of E. 
coli (E.c, PC) and P. aeruginosa (P.a, PC). The inset shows the melt-curve 
profile confirming the presence of these pathogens. 
 
Comparing the prevalence of all four pathogens between the RW and the 
PM2.5 samples, it was observed that the former contained the pathogens more 
frequently than the latter, suggesting that RW can collect a fraction of 
biological species present in PM lying in its path through “precipitation 
scavenging (below-cloud scavenging)”.  Alternatively, biological species can 
also be incorporated into clouds before they rain out through “nucleation 
scavenging (in-cloud scavenging)” as primary biological aerosol particles have 
been proposed to act as cloud-condensation nuclei (CCN) (Bauer et al., 2003; 
Ekstorm et al., 2010). Turkum et al. (2008) suggested that most of the 
elements found in rainwater are derived from their corresponding PM and gas-
phase components. Thus, certain features of RW composition can be 
constructed if the relevant data for PM are available.  However, the study 
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conducted by Turkum et al. (2008) was focused on the chemical compositions 
of the PM and RW media.   
 
Between PM and RW, there are extensive reports in the literature on the 
chemical composition of PM as compared to RW since it is more difficult to 
sample and analyze fresh RW than the PM.  In this work, we used an 
automated, wet-only RW sampler equipped with an internal refrigerator and 
with no interference from dustfall (natural fallout of dust particles onto the 
rainwater collector). However, most of the previous studies conducted on RW 
biodiversity sampled RW from the rooftop (roof runoff) or collected it in 
storage tanks where it was exposed to the biological contamination from the 
surface of roof and the surface of the water tanks (Ahmed et al., 2008; 
Coombes et al., 2003, Martin et al., 2010).    
 
The microbiological composition of fresh RW (i.e. rainwater with no external 
contamination) remains largely unknown in the literature. This work 
represents the first study of its kind with the goal being to examine the 
presence of bacterial pathogens in fresh RW with no external chemical or 
biological contamination. 
 
4.3.4 Association between PM2.5 and Rainwater  
 Results obtained from this work indicate that the prevalence patterns of the 
four pathogens in PM2.5 were quite similar to those of RW as all the 8 PM2.5 
samples, which were positive for E. coli, also had E. coli in their respective 
RW samples collected on the same day.  This finding is in agreement with 
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those reported by Turkum et al. (2008) and He and Balasubramanian, 2008 for 
chemical species in PM.  Turkum et al. (2008) found that the similarities in the 
chemical composition of PM and RW were more pronounced in urban 
locations as compared to rural stations, which is consistent with our current 
study’s finding in the urban atmosphere of Singapore. He and 
Balasubramanian (2008) reported that the ionic species in RW and PM had 
similar variations during the Southwest monsoon of Singapore, which 
represented the rain events from June through September.  Interestingly, the 
prevalence patterns of the four pathogens in PM2.5 and RW were quite similar 
in the urban atmosphere of Singapore during the Southwest monsoon.  The 
prevalence of the pathogens in PM2.5 samples was indeed found to be 
significantly correlating with that in RW (r = 0.730, n = 15, p = 0.003). 
 
4.4 Conclusions  
 In this study, we proposed, optimized and validated a very robust, sensitive 
and specific Real-Time PCR method for the analysis of bacterial pathogens in 
atmospheric samples. Only a limited number of studies have been reported on 
the bacterial diversity of RW as compared to the information available for 
other environmental samples such as soil, airborne particles, drinking water, 
and wastewater. Different molecular methods have been used to detect 
pathogens in those environmental samples.  
 
This study also contributes to enhancing the currently available knowledge-
base on the bacterial diversity of urban aerosols (Brodie et al., 2007) with 
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information on pathogens; the previous study by Brodie et al. (2007) provided 
information on 1,800 diverse bacterial species, mostly soil bacteria, detected 
using a phyloChip.  However, since the sampling was done at one urban 
location for two months, further research is needed to gain a better 
understanding of the biological relationship existing between airborne 
particulate matter of different sizes and RW; the current study focused only on 
PM2.5 which is a fraction of PM. The biological composition of size-
fractionated urban airborne particles and RW is critical to understand the state 
of air pollution at a receptor level and their potential impacts on aquatic 
ecosystems.    
 
The major conclusions drawn from this study are listed below: 
• The application of the Real-time PCR method to detect pathogens in 
fresh RW (i.e. with no external contamination) was found to be higher 
in sensitivity than those reported in other environmental samples 
(Behets et al., 2007; Sails et al., 2002).   
 
• This method was found to be suitable for the investigation of the 
relationship between PM2.5 and RW biological compositions in terms 
of detecting the presence of specific bacterial pathogens.   
 
 
• The four well-known opportunistic bacterial pathogens of human 
health concern, namely, E. coli, P. aeruginosa, K. pneumonia and A. 
hydrophila were found to be prevalent in both PM and RW samples. 
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• E. coli was found to be the most prevalent potential pathogen in both 
PM and RW samples. The information on the biological composition 
of PM and RW was found to be complementary to a previous study, by 
Turkum et al. (2008) on their chemical composition.   
 
• The temporal distribution of these pathogens in PM and RW was found 
to be similar to each other. Using the proposed microbiological 
technique, the atmospheric deposition (dry and wet deposition) of 
bacterial pathogens to lakes and reservoirs can be studied in view of 







Chapter 5  
Determination of metabolic state of bacterial pathogens 




Airborne particulate matter (PM) that contain biological components such as 
infectious agents, allergens, bacterial and fungal agents are usually measured 
by collecting them in solid, liquid, or agar media followed by qualitative 
and/or quantitative sample analysis using microscopic, biochemical, 
immunochemical, or molecular techniques (An et al., 2006). Culture-based 
techniques are time consuming, requiring microorganisms to grow on specific 
media at time scales ranging from days to weeks.  Microscopic methods are 
tedious, and lack identification specificity.  In addition, the classical 
microbiological methods lack the ability to represent the non-cultivable 
population of microorganisms. As a consequence, disease-causing pathogens 
could remain unidentified or under-estimated. In view of these drawbacks, 
there is a critical need to develop molecular techniques that can provide 
accurate and reliable quantitative data on live pathogens in environmental 




Quantitative polymerase chain reaction (qPCR) offers a more rapid, sensitive 
method than culture-based techniques for examining environmental samples 
(Neely et al., 2004). The qPCR method has been successfully used for 
detection of airborne microorganisms in environmental samples (Meklin et al., 
2007; Pyankov et al. 2007; Vesper et al., 2005; Zeng et al., 2004). However, 
this method cannot differentiate between viable and non-viable cells. A 
number of “viability” stains, or dyes have been used to identify viable 
microbial cells (Arzumanyan and Ozhovan, 2002; Jin et al., 2005; Oh and 
Matsuoka, 2002). Some of these stains/dyes work by penetrating the porous 
membranes of dead cells, but are unable to penetrate the intact membranes of 
live cells.   
 
The first fluorescent dye used for determining the viability of bacterial 
pathogens was ethidium monoazide (EMA) (Nogva et al., 2003). While EMA 
efficiently suppresses the PCR amplification of DNA from dead or membrane- 
compromised cells, recent research reported that EMA is able to penetrate the 
membranes of live cells resulting in decreased PCR product yields for viable 
cells (Cawthorn and Witthuhn, 2008; Kobayashi et al., 2009; Lee and Levin, 
2009; Nocker et al., 2006; Pan and Breidt, 2007). The extent of EMA’s entry 
into intact viable cells is, however, species dependent and varies with the 
target cells used in the study.  
 
An alternative approach with propidium monoazide (PMA) has been 
successfully demonstrated to distinguish viable from non-viable bacteria using 
qPCR (Nocker et al., 2006). The higher selectivity of PMA for dead cells can 
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most probably be explained by its higher positive charge compared with that 
of EMA (2 positive charges for PMA vs 1 for EMA) (Nocker and Camper, 
2009). The higher charge of PMA suggests the higher impermeability of PMA 
through intact cell membranes, thus avoiding DNA loss from viable cells. 
PMA enters the membrane of heat-killed bacterial cells and intercalates with 
the DNA, or bind to any free DNA in a sample and inhibit the activity of the 
Taq polymerase enzyme (Nocker et al., 2006; Nocker et al., 2007).  The PMA 
technique has been successfully applied to different bacterial species including 
foodborne pathogens (Cawthorn and Witthuhn, 2008; Kobayashi et al., 2009; 
Nocker et al., 2006; Pan and Breidt, 2007), live spores (Rawsthorne et al., 
2009) and fungal species (Vesper et al., 2008).  
 
The PMA treatment was further applied to fecal bacteria in wastewater (Bae 
and Wuertz, 2009a, 2009b), for monitoring the effect of disinfectants on 
various bacterial pathogens (Rieder et al., 2008) and for determining the 
viability of probiotic bacteria in both pure culture and milk products (Garcia-
Cayuela et al., 2009; Kramer et al., 2009).  However, little is known about its 
application to airborne particulate matter (PM). The use of LIVE/DEAD 
BacLight assay for differentiation between live and dead airborne bacteria has 
recently been attempted (Hara and Zhang, 2012).  The major limitation of this 
technique is its low specificity, as it does not allow identification of specific 
organisms. Also, the complex environmental matrix in environmental samples 
gets stained along with the cells, giving a lot of background noise. Therefore, 
this method does not provide accurate data on the concentration and identity of 
live airborne bacteria. 
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In this study, we investigated the use of PMA to distinguish viable from non-
viable potential gram-negative bacterial pathogens in fine particles in the 
atmosphere (PM2.5; airborne particulate matter with aerodynamic diameter ≤ 
2.5 µm). The motivation for undertaking this study is as follows. Currently, 
there is very little information in the literature about the presence of Gram-
negative bacteria in PM2.5 in the outdoor environment despite serious concerns 
about their health impacts. The prevalence of Gram-negative bacteria in 
general, as a group, in PM was recently reported along with Fungi and Gram-
positive bacteria (Grisolia et al., 2009). However, the specific bacterial species 
in the Gram-negative group present in PM in the urban atmosphere remain 
largely unknown, as major studies have been found to focus on gram-positive 
bacteria and Fungi. Escherichia coli (E.coli) and Pseudomonas aeruginosa (P. 
aeruginosa) were used as model organisms in previous studies dealing with 
airborne microorganisms (An et al., 2006).   
 
We identified a suitable DNA extraction procedure for PM2.5 , optimized and 
validated a modified qPCR method for quantification of four live pure cultures 
of potential Gram–negative bacterial pathogens in airborne particulate matter. 
In addition, we demonstrate the practical application of this developed 
methodology for quantification of the selected live pathogens in PM2.5 samples 
with and without the influence of biomass burning emissions. To our 
knowledge, this is the first report of its kind on the development and 
application of the PMA technique in conjunction with qPCR to quantify 
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potential live bacterial pathogens in PM.  All previous studies reported in the 
literature detected total (dead and live) potential bacterial pathogens in PM. 
 
5.2 Experimental Section 
 
5.2.1 Bacterial strains and Culture conditions 
E. coli ATCC 700790 was used for performing experiments on optimization of 
PMA treatment conditions and that of the DNA extraction procedures. 
Aeromonas hydrophilia (A. hydrophilia) ATCC 35654,  Klebsiella 
pneumoniae (K. pneumoniae) ATCC 13883 and P. aeruginosa ATCC 15692 
were purchased from the American Tissue Culture Collection (Rockville, MD, 
USA), and were used for the construction of the standard curve for absolute 
quantification with the optimized conditions used in this study. All the 
bacterial strains were grown in Luria Bertani (LB) broth at 37ºC overnight 
with aeration on a rotary shaker at 220 rpm to approximately reach an optical 
density of 1.0 (1 x 108 CFU; colony forming units) at 600 nm.  Each bacterial 
culture (1.5 ml) was centrifuged at 8,000xg for 10 min, and pellets were used 
for preparation of quantification standards. 
 
5.2.2 PM2.5 Sampling 
PM2.5 samples were collected at the Tropical Marine Science Institute in St. 
John’s Island (SJI), Singapore. This island is geographically located at the 
latitude of 1013’10’’ N and the longitude 103o50’54’’ E.  This remote sampling 
station in SJI was selected as it is near the open coastal area in the southern 
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part of Singapore and does not have local pollution sources.  This site is, 
however, influenced by biomass burning emissions advected from Indonesia, 
especially from the nearby province, Sumatra. More details about this 
sampling site are given in one of our earlier publications (Sundarambal et al., 
2010).  PTFE membrane filters (Polytetrafluoroethylene membranes, pore size 
- 0.45 µm, diameter - 47 mm, PALL Corporation, Ann Arbor, MI, USA) were 
used for collection of fine particles in air (PM2.5) by a MiniVolTM (Airmetrics, 
Eugene, Oregon, USA) sampler for 24 hr duration for each sample.   
 
Eleven PM2.5 samples were collected during the months of September and 
October, 2009; more information is given elsewhere (Kaushik and 
Balasubramanian, 2012).  The sample collection and handling was done in 
accordance with our established protocols (Balasubramanian et al., 2003).  
Regional smoke haze episodes, caused by uncontrolled forest and peat fires in 
Indonesia, occur in South-East Asia almost every year from July through 
October with different intensity and duration and have been of environmental 
and public health concern (Balasubramanian et al., 2003; He et al., 2010; 
Kaushik and Balasubramanian, 2012; See et al., 2006; Sundarambal et al., 
2010). 
 
5.2.3 DNA extraction from airborne particulate matter 
To identify the most suitable method for extraction of DNA from PM, three 
commercial DNA isolation kits (DNeasy Blood & Tissue Kit (Qiagne, Hilden, 
Germany), SoilMaster™ DNA Extraction Kit (Epicentre Biotechnologies, 
Madison, WI, U.S.A.) and the FastDNA® SPIN Kit for Soil (MP Biomedicals, 
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Fountain Parkway, Solon, OH, United States) were used. We assumed that the 
particles collected onto filters were similar to the fine soil particles suspended 
in ambient air and therefore selected the first two commercial DNA extraction 
kits. The third commercial kit (DNeasy Blood & Tissue Kit) was selected 
because of its wide application for quantification of Gram-negative bacteria in 
environmental samples including air samples. The filters containing PM were 
spiked with E.coli cells (4 x 106 CFU) and were air dried for 60 mins. The 
filters were then divided into four equal parts, out of which three were 
subjected to DNA extraction using the three commercial kits and the other one 
with an in-house extraction method. For the three commercial kits, the 
respective protocols as recommended by the manufacturer were adopted.  
 
The in-house method involved preparation of a crude extract by treating the 
particulate samples with 200 µl of sterile extraction buffer (0.01% sodium 
polyphosphate (Na5P3O10) and 0.01% Tween 80 with pH 7.00) and heating it 
at 95oC for 5 mins followed by centrifugation at 12,000 x g for 5 min to 
remove cell debris. The DNA extracted using the four methods was subjected 
to qPCR amplification for quantitative comparison. The extraction 
experiments were performed in triplicate. The mean values of the results were 
calculated with their corresponding standard deviations (S.D.) for comparing 
the effectiveness of the four DNA extraction methods. The results were 
compared in terms of the number of gene copies determined using qPCR 
[Figure 5.1].  Among the four extraction methods, the FastDNA® SPIN Kit 
gave the best results followed by the in-house crude lysate.  The crude lysate 
was found to be better than the other two commercial kits as it did not involve 
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any extraction, purification or recovery steps.  However, this method did not 
give highly reproducible data as reflected by the relatively high S.D. On the 
other hand, the FastDNA® SPIN Kit gave rapid (less than 30 min) and highly 
reproducible results (low S.D.), following lysis of cells and isolation of 
genomic DNA by physical disruption from the environmental matrix. The 
simple and yet strong extraction procedure involved in the latter method with 
more focus on DNA recovery (96%) than on purification could be the reason 
of its superior performance over the other methods.  Based on the outcome of 
this inter-comparison study, it was decided to use the FastDNA® SPIN Kit for 
molecular quantification of the potential bacterial pathogens in airborne 
particulate matter. 
 
Figure 5.1: Optimization of different DNA extraction procedures by studying 
the effect on the log numbers of spiked E.coli cells (4 x 106) using qPCR. 




5.2.4 Optimization of PMA cross-linking 
PMA (phenanthridium,3-amino-8-azido-5-[3-(diethylmethylammonio)propyl]-
6-phenyl dichloride (Biotium, Hayward, California), was dissolved in 20%  
Dimethyl sulfoxide (DMSO, Sigma-Aldrich®, USA) to make a stock solution 
of 1 mM, and the aliquots of this solution were stored at -20oC in light-
impermeable tubes as recommended by the supplier. All the experiments 
involving PMA were performed under minimal light conditions to prevent any 
potential chemical change in PMA, as it is a light sensitive molecule.  PMA 
was added to 200 µl portions of heat-killed (E.coli cells exposed to 95oC for 5 
min in a heat block) and live E. coli cells and kept in light transparent 2 ml 
screw cap tubes to reach a final dye concentration of 100 µM. As controls, 
identical volumes of 20% DMSO (without PMA) were added to portions of 
heat-killed and live E.coli cells.  PMA-treated and non-treated cells were 
incubated for 5 min in the dark which allowed the PMA dye to bind itself to 
the live as well as dead cells. This time will henceforth be referred to as Dye 
Binding (DB) time.  After the incubation, the tubes were kept on ice (to avoid 
excessive heating) and exposed to a halogen lamp of 650W (B & H 
PhotoVideo, New York, USA) placed at a distance of about 20 cm, as 
suggested in the literature, for 5 min with periodic mixing (to ensure 
homogeneous light exposure), for photo-induced cross-linking of PMA to the 
DNA of dead cells. This time will henceforth be referred to as Light Exposure 
(LEx) time. Cells were subsequently harvested by centrifugation at 8000×g for 
5 min.  The supernatant was discarded, and the cell pellet was subjected to 
DNA isolation and quantification using qPCR. 
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In order to optimize the cross-linking conditions to get maximium distinction 
between live and dead cells, prolonged PMA DB incubation times (7 and 12 
min) and LEx (7 and 12 min) were examined while keeping the other 
parameters constant.  Based on these results, the optimized conditions for the 
PMA cross-linking were found to be 5 min for DB and 7 min for LEx, 
respectively. These optimized PMA treatment conditions were also applied to 
the other three potential bacterial pathogens to differentiate between live and 
dead cells in them.  
 
5.2.5 qPCR analysis of airborne particulate matter 
For the quantitative determination of the four potential bacterial pathogens in 
air samples, the extracted DNA from the PM samples was subjected to our 
recently developed qPCR method along with the standard curve for absolute 
quantification (Kaushik and Balasubramanian, 2012).  
 
5.2.6 Enumeration of live potential bacterial pathogens in PM using 
culture-based methods  
The membrane filter with PM was suspended in 5 ml of 0.01% sodium 
polyphosphate buffer containing 0.01% Tween 80 with pH 7.0 for extraction 
of the cells adhering to the particles on the membrane filter. The extraction 
was done by vortexing the suspension vigorously for 5-10 min to detach the 
bacteria from the particulate-phase and also the particles from the membranes. 
The extraction efficiency was found to be 90% with artifically spiked sample 
serving as control. The extracted suspension was subjected to 10 fold serial 
dilutions ranging from 100 to 10-2, and 100 µl of each dilution was spread in 
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duplicate onto specific selective agar plates for enumeration of the desired 
potential bacterial pathogens. 
 
 MacConkey agar and Cystine-Lactose-Electrolyte-Deficient agar (BD, 
Diagnostics) were used for enumeration of E. coli and K. pneumonia. 
Pseudosel™ Agar (Cetrimide Agar) and Brilliant green bile salts- starch 
(BGBSS) agar were used for the enumeration of P. aeruginosa and A. 
hydrophila, respectively. The bacteria enumerated were identified and 
confirmed by both microscopically using Gram-staining method and 
biochemically by performing various biochemical tests such as Sugar(glucose) 
broth with Durham tubes, Catalase, Oxidase Test, Methyl Red/Voges-
Proskauer (MR/VP), etc., from the respective culture plates.  The results are 
represented as CFU/m3. 
 
5.2.7 Enumeration of Live potential bacterial pathogens in airborne 
particulate matter using modified qPCR 
Preliminary experiments with PM spiked with live and heat-killed E.coli cells 
were performed in order to check for any PCR inhibition due to matrix effect 
and also for investigating the signal reduction capacity of the PMA treatment 
to the PM samples.  The samples spiked with live and heat-killed E.coli cells 
were divided into two portions, one was subjected to the PMA treatment and 
the other without treatment served as control. The absence from PCR 
inhibition was confirmed before performing the experiments with the actual 
air particulate samples. 
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For enumeration of live potential bacterial pathogens using the modified 
qPCR, the  PM samples were first subjected to the optimized PMA treatment 
as described earlier comprising exposure to 100 µM of PMA, incubation in the 
dark for 5 min for the binding of PMA and light exposure of 7 min followed 
by the optimized DNA extraction using the the FastDNA® SPIN Kit for Soil 
(MP Biomedicals, Fountain Parkway, Solon, OH, United States). The 
extracted DNA was subjected to qPCR analysis as per reported method 
(Kaushik and Balasubramanian, 2012). Thus, in brief the overall method 
employed in this study included the following 3 steps: (1) DNA extraction 
from PM with and without PMA treatment; (2) DNA amplification using 
SYBR green dye; and (3) confirmation using the melt-curve analysis.  
 
5.2.8 Statistical Data analysis 
The linear regression analysis for correlation of counts obtained by qPCR and 
modified qPCR with bacterial counts obtained by the culture-based method 
was performed by plotting the log10-transformed gene copies per cubic meter 
of air obtained from the former against the log10-transformed CFU per cubic 
meter of air obtained by the latter.  For the same data, analysis of variance 
using Sigma Plot (version 4.0, SPSS, USA) software was performed to 
compare the bacterial counts from qPCR and the modified PCR with those 
from the culture-based method.  A p value below 0.05 was considered 
statistically significant by the software. 
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5.3 Results and Discussion 
 
5.3.1 Optimization of PMA treatment conditions 
E.coli was chosen as a model bacterial pathogen for optimization experiments 
dealing with the PMA cross-linking conditions.  Log-phase cultures were split 
into two portions to prepare live and dead cells.  One portion was subjected to 
lethal heat treatment at 95oC for 5 min in a heat block to prepare the heat-
killed dead cells.  The killing efficiency was confirmed by plating the above 
heat-killed cells on the appropriate medium along with the other portion, 
which was treated as live cells and also served as the viability positive control 
for the method.  PMA with 100 µM concentration was added to the live and 
heat-killed cells to optimize the DB incubation time (5, 7 and 12 min) and LEx 
time (5, 7 and 12 min) conditions of the PMA treatment process.  These two 
steps involving incubation with PMA and light exposure are very crucial for 
getting an accurate number of live and dead bacteria in any population. The 
effect of PMA treatment conditions on qPCR results was studied by 
comparing the difference in the number of gene copies calculated by using a 
standard curve with the equal numbers of heat-killed and  Live E.coli cells 
spiked as control (1 x 107 gene copies/ml). In comparison to 5 min of DB 
(DB-5), prolonged incubation of cells with PMA (DB-7, DB-12) for constant 
LEx of 5 min resulted in amplification of dead cells along with a slight 
decrease in the number of live cells. On the other hand, for a constant DB time 
of 5 min, the LEx of 7 min and 12 min (LEx-7, LEx-12) gave a complete 
signal reduction for dead cells in comparsion to LEx of 5 min (Fig 5.2).  
Between LEx of 7 and LEx-12 min, the former gave the best results similar to 
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those of the control by detecting the same number of live cells and not 
detecting any dead cell populations as compared to the prolonged LEx of 12 
min.  The latter gave a 100% reduction of dead cells  with a slight decrease in 
the population of live cells.  Thus, a PMA binding time of 5 min (DB) and a 
light exposure time of 7 min (LEx) were confirmed to be appropriate treatment 
conditions for molecular enumeration of live bacterial pathogens in PM and 
were subsequently applied for the quantification experiments. 
 
Figure 5.2: Optimization of PMA binding time (DB) and Light exposure time 
(LEx) by studying the effect on the live and dead cell numbers of E.coli 
enumerated using qPCR and expressed as log gene copies/ml against Control 
containing equal numbers of Live and Dead cells expressed as log gene 
copies/ml. 
 
5.3.2  qPCR assay and its detection limits 
We used qPCR containing SYBR green dye as a fluorescence marker along 
with the melt-curve analysis for detection of the potential bacterial pathogens 
as described previously (Kaushik and Balasubramanian, 2012). The qPCR 
assay used in this study had detection limits below 10 fg for E. coli which 
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corresponds to ~2 copies of uidA gene assuming E. coli DNA to be 5.12 x10-15 
g/cell (Rudd et al., 1990).  The qPCR limit of quantification was 100 fg and 
the same detection and quantification limits were also applicable to P. 
aeruginosa, K. pneumoniae and A. hydrophila target genes regA, phoE and 
aha1, respectively. 
 
5.3.3 Matrix Effect 
After optimizing the PMA treatment for the pure culture of E. coli, the same 
treatment conditions were applied to the other three potential bacterial 
pathogens to determine if there is any species variation to the PMA treatment.  
No significant differences were observed between the four pathogens with 
respect to the PMA treatment, confirming their similar behavior upon 
treatment with PMA. 
 
While handling the environmental samples, examining the effect of that 
specific environmental matrix on the outcome of a new bioanalytical method 
is critically important to demonstrate its practical applications. With this goal 
in mind, the particles collected in this work were spiked with E. coli and 
subjected to the PMA treatment as described earlier followed by DNA 
extraction and qPCR analysis.  It was observed that the heat-killed cells gave a 
100% signal reduction with the PMA treatment as compared to those without 
PMA treatment (Figure.5.3).  Both live and dead cells were amplified when 
subjected to PCR without the PMA treatment, thus confirming the inability to 
differentiate between live and dead cells resulting in the total population of E. 
coli. On the other hand, a significant distinction was achieved between live 
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and dead cells with the PMA treatment, as there was no amplification for the 




Figure 5.3: qPCR amplification plot showing 100% signal reduction by PMA 
for heat-killed E. coli cells added to the PM and 0% signal reduction for the 
live E. coli cells spiked to the PM when compared with the control samples 
without PMA treatment, confirming the absence of matrix effect. 
 
It was also observed that the PMA treatment did not have any significant 
effect on the live population of cells, as the Ct value was similar or close to 
those obtained for the control live and dead cells without PMA treatment. 
Thus, these results clearly indicated the absence of any matrix effect on the 
PMA treatment and confirmed the suitability of the modified-qPCR method 
for application to PM for quantification of the viable population of potential 






5.3.4 Enumeration of potential bacterial pathogens in airborne 
particulate matter  
The selected potential bacterial pathogens in PM2.5 were quantified in parallel 
by three different methods: total population of potential bacterial pathogens by 
qPCR, their viable population (live counts) by modified qPCR and the 
culturable potential bacterial pathogens by the conventional culture method 
[Figure.5.4 A, B &C]. According to the culture-based enumeration, 20% of the 
particulate samples contained culturable E.coli, 60% of the samples showed 
the presence of P. aeruginosa and 40% showed the presence of K. 
pneumoniae, while 70% of samples were positive for the E.coli, 60% for P. 
aeruginosa and 70% for K. pneumoniae using qPCR.  For the same samples, 
the modified PCR showed similar results as of the culture-based method with 
20% samples being positive for E. coli, 60% for P. aeruginosa and 40% for K. 
pneumoniae. 
 
None of the PM samples was found positive for A. hydrophila using the 
culture method, suggesting either its absence or presence in VBNC state. 
However, A. hydrophila was not present in the samples as revealed by the 
qPCR method, and the modified qPCR confirmed its absence in the airborne 
particulate matter rather than its presence as VBNC. The cfu numbers ranged 
from 0 to 7 x 104 CFU/m3.  The counts obtained from qPCR and the modified 
qPCR ranged from 0 to 8 x 105 gene copies/m3 and 0 to 8 x 104 gene 
copies/m3, respectively.  The bacterial counts obtained using the modified 
qPCR and PCR were higher than those obtained by the culture-based method. 
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Several other studies reported the cfu numbers in the range of 102 to 103 
CFU/m3 counts in the PM samples using culture-based method (Lighthart, 
1997; Shaffer and Lighthart, 1997).  
 
 The results obtained in this study were found to be similar to bacterial 
densities reported using acridine orange direct count (AODC) which ranged 
from 1.1×105 and 6.3×104 cells/m3 (Maron et al., 2005) and also to the number 
of Gram-negative bacteria revealed by qPCR (Rinsoz et al., 2008). The 
pathogens quantified using the modified qPCR and PCR reflect the number of 
live and total population of the specified potential bacterial pathogens, 
respectively, including the uncultivated VBNC groups, which are overlooked 
by traditional methods.  This could be one of the reasons for discrepancy 
between the results obtained from modified qPCR and culture based methods. 
Maron et al. (2005) used microscopy for live cells determination while Rinsoz 
et al. (2008) employed qPCR, which may explain the similarity with our 
culture based counts and qPCR results, respectively.  
 
 Recently, a recent study reported bacteria in the range of 5.19 x 101 and 4.31 
x 103 cells/m3 using Terminal restriction length polymorphism (T-RFLP) 
analysis and quantitative qPCR in the total suspended particles (TSP) of the 
atmosphere, respectively (Lee et al., 2010).  The possible reason suggested by 
the authors for the lower numbers was the usage of the plasmid DNA as a 
standard for the qPCR analysis and the variation in the gene copy number used 
for different microbes. Though the overall counts obtained by the modified 
PCR and those by the culture-based method were found to be similar, a close 
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examination of the data reveals that the latter method showed somewhat lower 
numbers than those from the modified qPCR method.  
 
This discrepancy could be explained in terms of the presence of VBNC 
population, which was quantified by the modified PCR and not accounted for 
by the culture-based method.  Also, it was observed that 5 particulate samples 
were positive for E. coli and 3 for K. pneumoniae using qPCR, but gave 
results below the detection limits with the modified PCR and culture-based 
methods.  A possible explanation for this variation is that there was a floating 
dead population of these pathogens in the airborne particulate matter.  Thus, 
the modified PCR (PMA-qPCR) was found to be able to capture the entire 
viable population of pathogens as compared to the total (live and dead) 
population and the culturable population by the qPCR and culture-based 
methods, respectively.  
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Figure 5.4: Enumeration of live, total and cultivable (A) E. coli, (B) P. 
aeruginosa, and (C) K. pneumoniae in collected airborne particulate matter 
using modified qPCR (qPCR-PMA), qPCR and traditional culture-based 
methods, respectively. qPCR and modified qPCR results are expressed as gene 
copies/m3 and culture based results are expressed as CFU/m3 A.hydrophila 




For samples positive for all the three methods, a linear regression analysis of 
the bacterial counts in airborne particulate matter obtained using qPCR and 
modified qPCR with the traditional culture based enumeration gave a positive 
correlation for all the three pathogens, namely, E. coli, P. aeruginosa and K. 
pneumoniae (Table 5.1). The counts reported for the culture-based 
enumeration represent the average values obtained from the duplicate agar 
plates.  The correlation between the modified qPCR and the culture-based 
method was found to be ~1.0 for all the three pathogens whereas the 
correlation with qPCR was found to be ~1.0 for two pathogens and 0.828 for 
P. aeruginosa.  
 
The good correlation obtained between the modified qPCR and the culture 
method indicates the reliability of the PMA treatment, and confirms the 
practical application of the Modified-qPCR method for the molecular 
characterization of the biological component of the airborne particulate matter. 
The Ct obtained by the modified qPCR would enable the direct enumeration of 









Table 5.1: The PM2.5 concentrations of the air particles samples collected on 











1 9/19/09 18.49  
2 9/21/09 27.01  
3 9/22/09 29.41  
4 9/23/09 30.56  
5 9/26/09 42.73  
6 9/29/09 49.37  
7 9/30/09 15.18  
8 10/1/09 31.34  
9 10/2/09 38.09  






This study reports optimization and application of  a modified qPCR method 
in conjunction with PMA treatment for detection of viable potential bacterial 
pathogens in the airborne particulate matter of biomass burning origin along 
with the optimzation of a quick and consistent DNA extraction from the 
particulate-phase.   
The major conclusions drawn from this study are listed below: 
• A modified qPCR method in conjunction with PMA treatment was 
optimize and applied for detection of viable potential bacterial 
pathogens in the airborne particulate matter of biomass burning origin. 
 
• The modified-qPCR method reported in this study can be employed as 
a fast and reliable tool for quantification of live (Gram-negative) 
bacterial pathogens in PM2.5.  
 
• The key advantage of this method is that it quantifies not only the 
culturable pathogens, but also Viable But Non Culturable stressed 
bacteria (VBNC) populations even in complex environmental samples 
such as airborne particulate matter so that potential impacts of 
pathogens on human health can be assessed realistically. 
 
• This method was not affected by the complex matrix of the 





•  To provide quantitative health risk assessment due to inhalation 
exposure to bacteria in total suspended particulate matter, the PMA 
treatment should be extended to Gram-positive bacteria such as 
Staphylococcus and Bacillus and its applicability for total inhalation 











Chapter 6  
Comparative Assessment of Water Quality and 
Bacterial diversity of fresh rainwater and tropical 
freshwater reservoir 
 
6.1 Introduction  
 
The atmosphere is thought to play an important role in shaping microbial 
biogeography on land and in water by providing inter-system microbial 
transport.  The presence of bacterial pathogens in airborne particulate matter 
(PM) is of considerable concern from the public health standpoint as these 
aerosolized bacteria can reproduce under controlled laboratory conditions 
(Dimmick, et al. 1979) and have the metabolic potential to biogeochemically 
mediate atmospheric chemistry (Ariya et al. 2002; Amato et al. 2005; 
Vaitilingom et al. 2011).  These pathogens have been found to exist in active 
metabolic state in airborne particles (Kaushik and Balasubramanian, 2013). 
The transfer of aerosol particles containing these viable bacteria from one 
system to another is thought to play an important role in the biogeographical 
distribution of bacteria, as they are transported over broad ranges of aquatic 
and terrestrial ecosystems (Womack et al. 2010) through wet scavenging 
(rainfall) and dry deposition (atmospheric fallout of airborne particles).  
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Pathogenic episodes in lakes and reservoirs are often associated with rain 
events, and the riverine inflow is considered to be a major additional source of 
pathogens. Consequently, the behavior of these inflows is of particular 
importance in determining pathogen transport and distribution (Brookes et al., 
2004).  Excessive rainfall (wet deposition) has been reported to be a 
significant contributor to historical waterborne disease outbreaks due to 
mobilization and transport of bacterial pathogens (Auld et al., 2004; Curriero 
et al., 2001; Ferguson et al., 2003; Brookes et al., 2004; Shehane et al., 2005). 
Stormwater runoff is a major cause of deterioration of surface water quality in 
urban areas.  Runoff is the excess water that flows over land when the soil is 
infiltrated to full capacity during a storm event.   
 
Surface runoff is mainly the result of rain falling on impervious, or sealed 
surfaces such as pavements, roads and buildings. Even a light shower can 
produce runoff on these surfaces. When rain falls on paved surfaces, large 
volumes of water are swiftly carried to (storm) drains and discharged into 
receiving surface waters.  Thus, transport of microbial pollution from rain 
runoff to lakes and reservoirs is a major concern for management of natural 
waters worldwide. Hence, for studying the transport of microbial pathogens in 
natural waters, it is important to understand the role of hydrodynamics and the 
impact of rainfall carrying the live microbial aerosols on water supply 
reservoirs in terms of the abundance, the microbial community composition 
and diversity.  
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The water industry frequently uses the presence of bacterial indicator 
organisms (e.g. fecal coliforms and enterococci) and their abundance in 
surface waters as a surrogate for the risk of contamination by actual 
pathogenic microorganisms.  Most of the studies reported to characterize some 
bacteria residing in bulk water at various points in the drinking water supply 
system used cultivation-based approaches (Olsan et al., 1984; Ward et al., 
1986; LeChevallier et al., 1987).  In general, heterotrophic plate counts (HPC) 
are used to assess the overall bacterial quality of drinking water, or natural 
waters (Sartory, 2004).   
 
However, the majorities of bacterial cells in natural communities are either 
non-culturable by current cultivation methods, or are present in a viable but 
nonculturable (VBNC) state (Szewzyk et al., 2000; Oliver, 2000). Thus, 
limited knowledge currently exists on the real composition and dynamics of 
bacterial communities in reservoir water.  No detailed study has been reported 
in the literature so far on the potential scope of phylogenetic diversity of fresh 
rainwater, describing the taxonomic richness of readily cultivatable organisms 
present in this water medium. Therefore, there is a strong need for quantifying 
the levels of bacterial pathogens and phylogenetic diversity in both fresh 
rainwater and reservoir water following their simultaneous collection at the 
same sampling site of the reservoir. 
 
Molecular approaches-based methods are good tools to elucidate composition 
of microbial communities residing in various aquatic environments 
(Giovannoni et al., 1990; Ho¨fle et al., 1999).  These approaches exploit the 
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use of rRNA as a stable taxonomic marker for microorganisms (Woese, 1987).  
In the past two decades, more molecular techniques such as the fluorescence 
in situ hybridization (FISH), denaturing gradient gel electrophoresis (DGGE), 
terminal restriction fragment length polymorphism (T-RFLP) and 16S rDNA 
clone and sequencing provide a more realistic picture of the bacterial 
community structure (Altmann et al. 2003; Liu et al. 1997; Purdy et al. 2003; 
Zhao et al. 2011a, b).  
 
 The 16S rRNA gene is tailor-made for microbial identification due to its 
universal presence in bacteria; extreme species sequence conservation and 
evolution-induced interspecies variability (Tringe and Hugenholtz, 2008).  
Although being widely used in many habitats, 16S RNA application to fresh 
rainwater has not been reported till date.  The study of phylogenetic diversity 
and community dynamics of the microflora from fresh rainwater and reservoir 
water could provide a basic understanding of the complex communities of 
environmental bacteria present in fresh rainwater and its impact on the 
composition of microbial communities in reservoir water intended for human 
consumption. 
 
Thus, the objectives of this study were twofold:  (1) study the impact of 
microbial loading of fresh rainwater on the tropical reservoir water quality 
upon deposition using traditional bacterial indicators and (2) examine the kind 
of bacterial diversity that fresh rainwater and reservoir water harbor using 
traditional 16sRNA cloning and sequencing method.  
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6.2 Materials and Methods  
6.2.1 Sampling 
Singapore is located at the southern tip of the Malayan Peninsula, between 
latitudes 1◦09’N and 1◦29’N and longitudes 103◦36’E and 104◦25’E. The state 
of Singapore comprises one major island and about 60 smaller ones; it is 
separated from mainland Malaysia by the Straits of Johor and from the 
Indonesian Islands by the Straits of Singapore. The main island measures 42 
km from east to west and 23 km north to south. Because of its geographic 
location and maritime exposure, Singapore’s climate is characterized by 
uniform temperature and pressure, high humidity, and abundant rainfall. 
 
The temperatures range from a minimum of 23–26◦C to a maximum of 31–
34◦C with the daily mean humidity of 84% and an annual rainfall of about 
2400 mm.  There are no distinct wet or dry seasons as rain fall occurs every 
month of the year.  The two main monsoon seasons, based on the prevailing 
dominant winds, are the Northeast monsoon season (from late November to 
March), and the Southwest monsoon season (from late May to September). 
April to early May and October to early November are generally the 
transitional months separating the monsoons. December is usually the wettest 
month with an average rainfall of 280 mm. 
 
Reservoir water samples were collected from four different sites. Rainwater 
samples were also collected at these four sites (Site no. 1, 2, 3 and 4).  Site 1 
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was located at the centre of the reservoir with no land use.  Site 2 was located 
at the corner of the reservoir with influences from drainage system.  Site 3 was 
situated near the highway and site 4 was near the golf course, having 
influences from these land use types.  Fresh rainwater samples were collected 
in sterilized glass beakers placed at all the four sites used for reservoir 
sampling.  Reservoir water samples were collected at all the four sites using 
amber color bottles.  Both types of samples from all the four sites were 
transferred to 2 liter sterilized bottles for microbiological and chemical 
analysis. Collected rainwater and reservoir samples were transported to the 
laboratory in a chilled-cold box and processed within two hours of collection. 
 
6.2.2 Chemical Analysis 
For the water quality analyses, pH, conductivity, turbidity and conductivity 
were measured for all the water samples.  All these parameters were analyzed 
immediately upon arrival of the water samples at the analytical laboratory. The 
pH, turbidity and conductivity were measured using CyberScan PC 6500 
(Euctech instruments, Singapore). Water samples were stored at 4oC and 
analyzed for ammonium, phosphorous, nitrate and nitrite within 48 hr after the 
sample collection according to Standard Methods (APHA, 1995).  
 
6.2.3 Microbiological Analysis  
Concentrations of total coliform bacteria and E. coli were determined using 
the m-ColiBlue24® membrane filtration system (Millipore, Cat 
#M00PMCB24, Bedford, Massachusetts). 100 ml of the water sample was 
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filtered onto cellulose esters membranes using vacuum filtration. The 
membranes were then incubated for 24 hours in sterile petri dishes containing 
absorbent pads soaked with 2 ml of m-ColiBlue24® broth at 37oC. The 
colonies in blue color were indicative of E. coli, while total coliforms were 
enumerated by considering colonies in red color. The average cfu/100 ml 
values obtained for E. coli and Total coliforms are shown in Figure.6.1 and 
Figure.6.2, respectively. 
 
Total heterotrophic plate counts (HPC) and Enterococci counts were also 
determined for all the water samples collected. Enterococci enumeration was 
performed as per USEPA, Method 1600 (USEPA, 2002). In brief, 100 ml of 
the water sample was filtered onto cellulose ester membranes using vacuum 
filtration. The membranes were then placed on top of mEI Agar incubated for 
24 hours at 41 ± 0.5°C.  Colonies with a blue halo, regardless of color, were 
enumerated as Enterococci.  The colony counts are expressed as average cfu 
/100 ml (Figure. 6.3). For HPC enumeration, briefly, one ml of each sample 
was aseptically plated in replicate onto plate count agar (Sigma-Aldrich, USA) 
and incubated at 37oC for a maximum of 48 hr. The average values obtained 
for all the water samples are presented in Figure.6.4.  
 
6.2.4 Construction of 16S rRNA gene libraries  
16sRNA sequences of the clones were vector-trimmed and aligned using the 
NAST (Nearest Alignment Space Termination) algorithm for creating multiple 
sequence alignments (DeSantis et al., 2006). NAST aligned sequences were 
chimera checked with chimera slayer. All bioinformatics processes were 
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performed in the Mothur software (Schloss et al., 2009).  Classification of 
sequences was done using Bayesian classifier method, implemented in mothur 
against a manually updated Greengenes database (McDonald et al., 2012), 
containing representatives of 0.98 clusters.  The division level groupings were 
determined by taxonomic assignment performed by the Ribosomal Database 
Project 10.0 Classifier tool (Cole et al., 2009).  Pair wise distances of the 
aligned clone sequences were calculated and Operational Taxonomic units 
(OTUs) were grouped using the average neighbor method with a cut-off of 
0.02 sequence similarity. The coverage of clone libraries was calculated 
according to the method reported by Good, 1953.  Phylogenetic tree was 
constructed using the neighbor- joining method of ARB with Jukes-Cantor 
correction model and with 1000 bootstrap replications (Ludwig et al., 2004).  
 
6.2.5 Phylogenetic analysis 
16sRNA sequences of the clones were vector-trimmed and aligned using the 
NAST (Nearest Alignment Space Termination) algorithm for creating multiple 
sequence alignments (DeSantis et al., 2006). NAST aligned sequences were 
chimera checked with chimera slayer. All bioinformatics processes were 
performed in the Mothur software (Schloss et al., 2009).  Classification of 
sequences was done using Bayesian classifier method, implemented in mothur 
against a manually updated Greengenes database (McDonald et al., 2012), 
containing representatives of 0.98 clusters.  The division level groupings were 
determined by taxonomic assignment performed by the Ribosomal Database 
Project 10.0 Classifier tool (Cole et al., 2009).   
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Pair wise distances of the aligned clone sequences were calculated and 
Operational Taxonomic units (OTUs) were grouped using the average 
neighbor method with a cut-off of 0.02 sequence similarity. The coverage of 
clone libraries was calculated according to the method repoteed by Good, 
1953.  Phylogenetic tree was constructed using the neighbor- joining method 
of ARB with Jukes-Cantor correction model and with 1000 bootstrap 
replications (Ludwig et al., 2004). 
 
6.3 Results and Discussion  
Table.6.1 shows the pH, conductivity and turbidity of the two types of water 
samples, namely, fresh rainwater and reservoir water.  The reservoir water 
(mean pH 7.2 and conductivity 267 µS cm−1) exhibited higher values than 
fresh rainwater (median pH 4.2 and conductivity 25 µS cm-1). The pH of 
individual precipitation events, ranged from 3.51 to 5.2. The pH of all the 
rainwater samples was below pH 5.6, the value of unpolluted water 
equilibrated with atmospheric CO2.  
 
 According to previous studies, the naturally existing NOx and SO2 tend to be 
dissolved into the clouds and droplets and result in pH values of the rain in the 
clean atmosphere to be between 5.0 and 5.6 (Charlson and Rodhe, 1982; 
Galloway et al., 1993). pH values more than 5.6 indicate the presence of 
alkaline substances in the rainwater, values less than 4.8 suggest the influence 
of anthropogenic sources. Thus, the pH of 4.2 measured throughout the study 
period reflects a strong impact of anthropogenically-derived pollutants on 
rainwater quality in Singapore. 
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Table 6.1: Summary of chemical analyses of fresh rainwater and reservoir 
water  
Mean concentrations with standard deviations 
Parameters 
Rainwater Reservoir water 
pH 4.2 ± 0.7 7.2 ± 0.9 
Turbidity (NTU) 0.91 ± 1.3 3.56 ± 2.5 
Ammonium (mg/liter) 0.52 ± 0.2 0.15 ± 0.4 
Nitrite (mg/liter) 0.04 ± 0.1 0.16 ± 0.3 
Nitrate (mg/liter) 0.90 ± 1.1 1.58 ± 0.7 
Phosphate (mg/liter) 0.54 ± 0.1 0.34 ± 0.1 
Conductivity (µS/cm) 25.33 ± 12 127.22 ± 25.9 
 
6.3.1 Microbiological quality of fresh rainwater and reservoir water 
Microbial quality is usually assessed by measuring ‘fecal indicator bacteria’ 
(also referred to as feacal indicator organisms or FIOs). Thermotolerant 
coliforms (also termed feacal coliforms), Escherichia coli and intestinal 
Enterococci (also termed feacal streptococci) are generally oppurtunistic 
bacterial pathogens that are present in high numbers in feacal materials and are 
the most commonly examined FIOs. Their presence in water samples is used 
to indicate the presence of fecal pollution and the possibility that fecally 
associated pathogens may also be present.  Figs.6.1- 6.3 show the microbial 




E. coli are considered the best indicators of fecal contamination in water and 
are present in faeces in high numbers.  The presence of thermotolerant 
Coliforms/E. coli in water is unacceptable and indicates that a major health 
risk exists.  Levels of thermotolerant Coliforms/E. coli are expressed as colony 
forming units per 100 millilitres (cfu/100 ml).  The levels of E. coli were found 
to be 0 cfu/100 ml – 75 cfu/100 ml for fresh rainwater and 10- 94 cfu/100 ml 
in reservoir water (Figure.6.1). WHO guidelines for drinking water 
recommend that levels of  E. coli  be less than 1 cfu/100 ml.  
 
Total coliforms were previously considered indicators of fecal contamination.  
The NHMRC and AWRC “Guidelines for Drinking Water Quality in 
Australia” do not consider total coliforms as useful indicators of fecal 
contamination in the absence of E. coli, and have not proposed any guideline 
values for Total coliforms.  Like HPC, total coliforms can be used as an 
indicator for the effectiveness of any wastewater/water treatment program. 
The total coliforms were found in the range of 10 cfu/100 ml -220 cfu/100 ml 
in reservoir water as compared to 10 cfu/100 ml -139 cfu/100 ml in rainwater 
(Figure.6.2). The highest counts were obtained from site 3 in both rainwater 
and reservoir water that was near the highway and therefore influenced by the 
run off from the land use.  
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Figure 6.1: Levels of the microbial indicator E.coli from both rainwater 











Figure 6.2: Total coliform counts from both rainwater samples and reservoir 
samples collected at four sites. 
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Enterococci are a specific group of bacteria that are found in high numbers in 
both human and animal faeces and are, therefore, a valuable indicator for 
determining the extent of fecal contamination of a water source.  Enterococci 
were found to be in the range of 0 – 11 cfu/100 ml in fresh rainwater and was 
0 –35 cfu/100 ml in the reservoir water.  All the microbial indicators were 
found to be highest at site 3 in both types of samples.  Thus, the results of our 
microbiological indicator analysis suggested that both the harvested rainwater 
and the reservoir water samples would be unsafe as drinking water without 
any physical/chemical/biological treatment. 
 
Heterotrophic plate counts of the reservoir water samples were higher than 
those of the rainwater by two orders of magnitude. The baseline levels for the 
reservoir water ranged from 330 -7.9 x 104 cfu/ml, as compared to 280- 7.2 x 
102 cfu/ml for heterotrophic bacteria. The reason for reservoir water to have 
higher magnitudes of heterotrophic bacteria and slightly higher number of 
total coliforms is that sediments soil aprticles are carried by runoff into the 
reservoir from highland agricultural areas during intensive rainfall events, 
especially during the monsoon season. This runoff may lead to an inflow of 
high nutrient concentrations as well as higher loads of microbes (Sargaonkar, 





















Figure 6.3: Enterococcus counts from both rainwater samples and reservoir 












Figure 6.4 : Total heterotrophic plate counts from both rainwater samples and 
reservoir samples collected at four sites.  
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It was observed that despite the influx of continued rainfall, microbial 
indicators did not seem to have their presence as dominant resident members 
of the reservoir bacterial community. These results suggested that the reservoir 
water did not provide a sustainable environment for the 
propagation/distribution of the loads of microbial indicators resulting from 
continuous rainfall.  In fact, the initial loading of viable bacterial contaminants 
introduced by rainfall appeared to be quickly eliminated via a decay process 
involving either removal from the water body (sedimentation or cell death), or 
conversion to non-culturable forms of bacteria. The net outcome would appear 
to represent an equilibration of microbial communities within the reservoir to 
maintain a viable stasis under oligotorophic conditions. Presumably, the 
microbial indicators (E. coli, Total coliforms and Enterococci) were less well 
adapted to grow under the nutrient limited conditions than the resident 
heterotrophic bacteria. 
 
Based on the microbial indicator numbers, there was no statistically significant 
difference between rainwater and reservoir water quality for E.coli and 
Enterococci. However, the microbial quality for rainwater and reservoir was 
significantly different (p < 0.05) for Heterotrophic counts and total coliforms. 
 
6.3.2 Composition and Phylogenetic analysis of fresh rainwater and 
reservoir water 
Microbial communities are fundamental to the functioning of aquatic 
ecosystems. However, the roles of most microorganisms in natural aquatic 
systems are unclear because most of them are uncultivated by the current 
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conventional culturing methods (Amann et al., 1995). However, the 
introduction of culture-independent molecular methods has shed light on the 
determination of community compositions and laid the foundation for deeper 
understanding of aquatic microbial ecology (Wu et al., 2007). 16S rRNA gene 
clone library method has widely been used in bacterial community analysis in 
various environments (Hiorns et al., 1997; Zwart et al., 1998; Wu et al., 2007) 
and has been successfully applied to understanding the role of freshwater 
bacterioplankton in global biogeochemical processes in the aquatic ecosystems 
(Zehr & Ward, 2002; Mason et al., 2009).  However, till date 16sRNA 
sequencing has not been applied to fresh rainwater and thus there is lack of 
information on its microbial communities and their role in aquatic microbial 
ecology. In this study, the 16S rRNA genes were amplified to detect 
indigenous bacterial species in the fresh rainwater and reservoir water. 16S 
rRNA gene libraries were constructed from PCR products of each of the 
composite DNA samples collected from the fresh rainwater and reservoir 
water using the 27f-1492r primer pairs, and then sequenced 150 clones from 
both the library of the fresh rainwater and reservoir water.  Microbial richness 
characterization was performed for both the samples as per Bayesian classifier 
followed by preliminary microbiome comparison based on phylogenetic-tree 
construction by assigning OTUs. 
 
The phylotypes in the bacterial libraries from the Fresh rainwater and reservoir 
water were extremely diverse. Fresh rainwater had higher diversity and 
taxonomic richness at the class level than those in reservoir water.  10 classes 
of bacteria were detected in fresh rainwater and four classes of bacteria in 
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reservoir water. In fresh rainwater sequences affiliated with 
Betaproteobacteria, Alphaproteobacteria, Sphingobacteria, Actinobacteria, 
Gammaproteobacteria, Lentisphaerae, Phycisphaerae, Chlorobia and 
Spirochaetes were detected. On the other hand, the reservoir water library 
detected sequences affiliated with only Betaproteobacteria, 
Alphaproteobacteria, Sphingobacteria and Gammaproteobacteria. 
Betaproteobacteria was found to be dominant in both the libraries (Figure 
6.5).  However, the proportion of Alphaproteobacteria was found to be higher 
in reservoir water than that in fresh rainwater. The taxonomic richness 
observed in both the types of water samples and their relative distribution 
appear to be similar to those observed in many freshwater and marine systems, 
as determined by both cultivation and molecular techniques.  These findings 
are consistent with those from the previous studies where the dominance of β-
Proteobacteria was observed   in freshwater systems, particularly among free-
living groups, while α and γ sub-classes appear to dominate among particle-
attached groups (Crump et al., 1999; Glockner et al., 1999; Cottrell et al., 
2005; Boucher et al., 2006).  Venteret al. (2004) found in their comprehensive 
genomic study of seawater from an oligotrophic ocean site in the Sargasso 
Sea, an abundance distribution dominated by Proteobacteria of α, β and γ sub-
classes, as well as Actinobacteria and Bacteroidetes similar to that found in 
the fresh rainwater in thecurrent study and thestudy conducted by Evans et al., 
2009 in rainwater tanks. The reason for Betaproteobacteria exhibiting the 
greatest richness in freshwater mesocosm and isolation studies is suggested to 
be because of their ability to respond quickly to nutrient additions (Burkert et 
al., 2003; Hahn, 2003; Simek et al., 2005) and due to high nucleic acid content 
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(Simek et al., 2005). The predominance of Proteobacteria in fresh rainwater 





Figure 6.5: Bacteria taxon richness on class level in rainwater and reservoir 
water. 
 
Actinobacteria that are Gram-positive bacteria representing a most abundant 
group (50–70%) of total bacteria in various freshwater habitats (Warnecke et 
al., 2004; Lemke et al., 2009) were also found to be present in fresh rainwater 
rather than reservoir water. Previous studies have found that members of 
Actinobacteria contributed to glucose assimilation and heterotrophic 
nitrification (Brierley & Wood, 2001; Elifantz et al., 2005) and played a key 
role in nutrient and energy cycling in aquatic habits (Elifantz et al., 2005). 
Thus, their presence in Fresh rainwater once again confirms their role in 
ecological functions there by enabling global distribution of these 
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microorganisms in aquatic econsystems (Burkert et al., 2003; Eiler & 
Bertilsson, 2004). 
 
Phylogenetic tree based microbiome comparison of the samples fresh 
rainwater and reservoir water was performed by Neighbor-joining method of 
experimentally observed OTUs and reference type strains with each leaf 
representing an OTU displays counts of sequences observed in each sample 
(Figure.6.6). Notable differences in the frequencies of the some of the 
bacterial genera were observed. Bradyrhizobium, Chitinophaga, Caulobacter 
and Ralstonia were found to be more abundant in reservoir water than in fresh 
rainwater where as Curvibacter was found to be more abundant in Fresh 
rainwater than reservoir water. However, unlike taxonomic richness, the 
coverage of the fresh rainwater clone library (150 sequences from pooled 
DNA) as calculated based on the species OTU (97% 16S rRNA gene sequence 
identity) by Good's Clone Coverage (Good, 1953) was low (77%) as compared 
to the coverage of the reservoir water clone library (92%).  
 
The OTU with the greatest difference in relative abundance was associated 
with Curvibacter for Fresh rainwater and with Ralstonia for reservoir water. 
Curvibacter and Ralstonia belongs to the Burkholderiales order of β-
Proteobacteria, under the taxa Comamonadaceae which is reported to be the 
most abundant typical freshwater fast growing and nutrient-loving group 
(Glockner et al., 2000; Zwart et al., 2002). 
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The same group of bacteria being present in two different environmental 
samples, suggest the two environments to be linked. Thus, the presence of 
these fresh water bacteria in both fresh rainwater and reservoir water suggests 
bacterial diversity in rainwater to be linked to reservoir water. The type of 
bacterial diversity present in fresh rainwater, the general abundance 
distribution, and the resemblance of the composition to that of reservoir, has 
indicated the likely existence of definable microecosystems in fresh rainwater 
and their impact on other aquatic systems. The functional operation of a stable 
micro-ecology, dominated by well-adapted core resident groups, may have 




This study focused on the investigation of the water quality and bacterial 
diversity of fresh rainwater and reservoir water with a focus on assessment of 
traditional fecal indicators and species profiles under tropical weather 
conditions as experienced in Singapore. The microbial quality of rainwater 
and reservoir water quality was compared in terms of the presence of the 
traditional microbial indicators and 16sRNA clone libraries. The results of this 
study suggest that in spite of the presence of microbes or bacterial pathogens 
in rainwater, there were no significant addition of microbial fecal indicators to 
the reservoir water. Reservoir water achieves a stable microbial quality 
without any impact from the rainwater as the survivability of incoming 
bacterial fecal bacterial loads from rainwater entering the reservoir may be less 
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due to the processes that may act to regulate the survival of incoming bacteria 
like competitive exclusion and nutrient change.  
 
The findings on the composition of aquatic microbial communities in the 
reservoir water and fresh rainwater by 16sRNA clone libraries indicated that 
the members of Betaproteobacteria dominated both the rainwater and reservoir 
bacterial communities. The OTU with greatest difference in relative 
abundance for fresh rainwater was Curvibacter whereas for reservoir water it 
was Ralstonia. Fresh rainwater showed greater taxonomic richness than 
reservoir water. However, due to lower coverage of the traditional cloning and 
inability to represent VBNC, our understanding about the composition, and 
phylogenetic diversity of the bacterial community in the freshwater using 
traditional cloning is still limited. Hence, high-throughput molecular tools 
such as Pyrosequencing and hybridization to PhyloChip array may provide a 
further understanding for the spatial and temporal changes of microbial 

























































Chapter 7  
Total Bacterial Diversity of Reservoir Water before 
and After Rain Events 
 
7.1 Introduction  
Microscopic life dominates aquatic ecosystems in terms of biomass. 
Bacterioplankton communities are integrally involved in the biogeochemical 
processes underpinning freshwater ecosystems (Cotner and Biddanda, 2002). 
Thus, understanding the changes in the microbial community composition, or 
in the activities of these microbial communities is very critical for clean and 
predictable supplies of freshwater resources. This understanding is important 
for driving the economic and ecological systems on which we depend, making 
the sustainable development of natural water resources among the most 
pressing of global challenges today. Storm water runoffs from urban areas 
drained by separate sewer systems are discharged into the natural environment 
without previous treatment or control.  These discharges together with 
atmospheric deposition of chemical and biological species induce a quality 
degradation of the water bodies; indeed rainfall and urban surface runoff are 
recognized as one of the major sources of pollution to receiving waters (Fam, 
1987; Smullen et al., 1999; Brooks et al., 2004). The micro-ecological 
dynamics of the reservoir system may have altered the survivability of 
incoming bacteria from these runoffs or rain events by nutrient deprivation 
and competitive exclusion as explained in chapter 6.  However, assessments of 
only specific bacterial loads do not provide understanding of the survivability 
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of bacteria entering the system and the processes that may act to regulate the 
survival of bacteria. Total bacterial diversity analysis is required to develop an 
in-depth understanding of changes in the microbial quality of natural waters as 
it helps to study the patterns in relative distribution of bacteria and enhances 
the knowledge on the functional role of bacterial composition. 
 
Bacterial diversity in the environment can be measured by various indices 
such as phylogenetic diversity, species diversity, genotype diversity, and gene 
diversity. Above the species level, bacterial diversity is commonly quantified 
based on evolutionary distances among observed taxonomic groups from a 
specific environment (e.g. the phylogenetic diversity based on a common 
chronometer such as the 16S ribosomal RNA subunit). Below the species 
level, bacterial diversity is typically described using population genetic 
parameters such as gene diversity and genotype diversity.  The use of 
molecular methods such as PCR amplification of the 16S rRNA gene, 
followed by cloning and traditional Sanger sequencing, has allowed the 
identification of many bacterial species previously undetected by traditional 
culture based methods (Boivin-Jahns et al., 1996; Hugenholtz et al., 1998; 
Newberry et al., 2004). This general method of sampling and categorizing 
DNA has been in use to clone and then sequence the PCR products.  However, 
the number of clones required to adequately catalog the majority of taxa in a 
sample is unmanageable. Rapidly growing databases of small-subunit (SSU) 
ribosomal (rRNA) genes have helped pave the way for high-density 
microarray analysis as a well-established method for reliably analyzing many 
taxa in parallel (Cole, 2005).  In recent years, the application of 
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pyrosequencing to PCR-amplified products has provided valuable insights into 
the study of bacterial diversity by producing a greater sample size at a lower 
cost (Huse et al., 2008).  Exploring bacterial diversity and taxonomy using 
SSU rRNA hypervariable tag sequencing (Huse et al., 2008).  However, both 
methods do not provide information on environmental microbial populations 
spanning multiple orders of magnitude within a single sample. In order to 
overcome these shortcomings, phylogenetic arrays that target the known 
diversity within bacteria and archaea are particularly important for 
determining the composition of microbial communities in a number of 
different environments and conditions.  
 The PhyloChip, a commercial product dealing with phylogenetic arrays, has 
recently been developed specifically for querying small-subunit rRNA gene 
pools from complex environmental samples (Brodie et al., 2006; DeSantis et 
al., 2007; Hazen et al., 2010).   The PhyloChip has the capability of revealing 
greater diversity within a community than rRNA gene sequencing due to the 
placement of the entire gene product on the microarray compared with the 
analysis of up to thousands of individual molecules by traditional sequencing 
methods (Brodie et al., 2006; DeSantis et al., 2007). PhyloChip cost and 
reproducibility enable researchers to systematically analyze, with biological 
replication, microbial communities in changing environments (Prosser, 2010).  
Furthermore, microarray-based approaches are less susceptible to the 
influence of dominance in microbial communities, whereby sequences of more 
abundant members mask the presence of other numerically significant taxa 
and rare species (DeSantis et al., 2007; Hazen et al., 2010).  However, this 
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approach has not been widely used to study the bacterial diversity of natural 
waters such as rainwater and freshwater stored in reservoirs. 
 
In order to have a better understanding of the bacterial diversity of natural 
waters an in-depth study was conducted to examine the impact of rainfall on 
microbial composition and dynamics of freshwater stored in a local reservoir 
in Singapore.  The primary objective of this study was to analyze the total 
bacterial diversity of reservoir water before and after rain events by using 
PhyloChip-based microarray.  
 
7.2  Materials and Methods  
7.2.1 DNA Extraction and PCR Amplification 
 DNA was extracted from 15 environmental water samples (rainwater = 5; 
reservoir water = 10) using MO BIO PowerWater® kits (product 14900-100-
NF, MO BIO Laboratories, Inc., Carlsbad, CA) as per the manufacturer’s 
instructions.  In brief, each filter sample was divided into 4 quarters, and one 
quarter was placed inside a 5-ml PowerWater® Bead Tube containing 3 ml of 
solution PW1, and the tube was incubated for 30 min at 65 °C, followed by a 
15-min vortex (product 12-812, Fisher Vortex Genie 2TM, Fisher Scientific).  
All subsequent extraction steps were carried out in accordance with the 
PowerWater® manufacturer guidelines. A centrifuge (product 5804, 
Eppendorf, Hauppauge, NY) and PowerVac™ manifold (product 11991, MO-
BIO Laboratories, Inc.) were used, along with a washing step of 800 µl of 
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100% ethanol prior to the addition of solution PW4. The final sample elution 
volume was 40 µl in Buffer EB.  DNA samples were quantified using 
Nanodrop spectrophotometry (ND-1000, Thermo Scientific, Wilmington, DE) 
and PicoGreen® (Life TechnologiesTM, Grand Island, NY) methods.  16S 
rRNA gene PCR amplification was carried out as follows.  Bacterial 16S 
rRNA genes were amplified using forward primer 27F (5’-
AGRGTTTGATCMTGGCTCAG-3’) and reverse primer 1492R (5’-
GGTTACCTTGTTACGACTT-3’) while archaeal 16S rRNA genes were 
amplified using forward primer 4Fa (5’- TCCGGTTGATCCTGCCRG-3’) and 
reverse primer 1492R.  Thermocycling was carried out at 95 °C for 3 min, 
followed by 35 cycles at 95 °C (30 sec), 50 °C (30 sec), 72 °C (2 min), and an 
extension at 72 °C (10 min) before holding at 4 °C.   Amplified products were 
concentrated and quantified by electrophoresis using an Agilent 2100 
Bioanalyzer®. 
 
7.2.2 PhyloChip™ Microarray  
PhyloChip™ microarray technology is commercially available through 
Second Genome, Inc. (San Bruno, CA) and has been described extensively in 
literature (Hazen et al., 2010; DeSantis et al., 2007).  Amplified and purified 
DNA products were fragmented and biotin labeled. Each reaction mixture was 
injected into the hybridization chamber of version G3 of a PhyloChip™ Array 
(Hazen et al., 2010).  A PhyloChip Control Mix™ was included for scaling 
and normalization. Oligonucleotide targets and probes on PhyloChip™ 
version G3 were synthesized by photolithography, representing publicly 
available bacteria and archaea 16S rRNA genes. 
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Hybridization scores (HybScores) were calculated for each operation 
taxonomic unit (OTU) using probe fluorescent intensities. The relative 
abundance of taxa was measured by comparing intensities against the 
PhyloChip Control Mix™ after subtracting from background values.  
Multivariate statistical analyses were performed with PhyCA-StatsTM software 
(Second Genome, Inc.) and algorithms compared the relationship between 
probes and taxa.  Maximum and minimum HybScores were discarded before 
averaging and scaling values so that a HybScore change of 1000 represented a 
doubling in probe fluorescent intensity.  Data were reduced to a series of pre-
defined filters (Hazen et al., 2010) based on significant taxa patterns, 
established through either parametric Welch tests or Adonis tests to generate 
p-values. The presence and absence (i.e. incidence) data for bacterial diversity 
were transformed into binary metrics, which used the Unifrac distance method 
for examining changes in communities (Lozupone et al., 2006).   Abundance 
metrics used HybScore data for OTUs and a weighted Unifrac method for 
measuring sample-to-sample distance. 
 
7.2.3 Whole Microbiome Significance Testing 
The Adonis test was utilized for finding significant differences among discrete 
categorical or continuous variables. In this randomization/Monte Carlo 
permutation test, the samples were randomly reassigned to the various sample 
categories, and the between-category differences were compared to the true 
between-category differences. Adonis utilized the sample-to-sample distance 
matrix directly, not a derived ordination or clustering outcome. 
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7.3 Results and Discussion 
 
Five water samples from a local reservoir in Singapore before rain events (5 
separate rain events over different sampling periods) and five samples after 
rain events were collected and analyzed for microbial richness and abundance 
using a PhyloChipTM 16S rRNA microarray (Brodie et al., 2007, Hazen et al., 
2010). Likewise, five fresh rainwater samples were collected and analyzed 
simultaneously. The microbial richness and abundance of reservoir water 
samples were compared to those of rainwater samples. Figure 7.1 provides the 
microbial richness, diversity, and taxonomic composition of each of the fifteen 
water samples. A total of 2,119 OTUs were detected in the water samples, and 
the bacterial genus richness ranged from 69 to 173, whereas archaeal genus 
richness ranged from 0 to 4.  Archaeal OTUs were found more frequently in 
reservoir samples (before and after) compared to fresh rainwater samples. The 
term “relative abundance” refers to how common or rare an OTU is relative to 
other OTUs in a microbial community, and is one of the two components used 
to measure biodiversity of an ecosystem along with incidence.  
 
The top 9 bacterial families that represent an average 41% of each sample’s 
OTUs are shown in Figure 7.2.  The family-level richness patterns were found 
to be non-uniform across the fifteen water samples. Lachnospiraceae and 
Rikenellaceaell families comprised the largest proportion among the samples 
followed by Pseudomonadaceae.  The bacterial taxa spanned a broad range of 
phyla in the reservoir and rainwater samples, including Firmicutes, 
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Proteobacteria, Bacteroidetes and Planctomycetes as constant in the two types 
of environmental water samples with others indicating genus like 
Verrucomicrobia,  Actinobacteria and  TM7.  
 
In order to examine if there is any relationship existing between changes in the 
bacterial diversity of reservoir water and the occurrence of rain events, 
Principle Coordinate Analysis (PCoA) that is widely used to measure 
dissimilarity among microbial communities was performed (DeSantis et al., 
2007; Hazen et al., 2010).  The statistical analysis was carried out for 
comparison between rainwater and reservoir water samples and also within 10 
reservoir water samples for before and after rain events.  This is a method of 
two-dimensional ordination plotting that is used to visualize complex 
relationships between bacterial communities.  PCoA uses the dissimilarity 
values to position the points relative to each other. Each point on the 
ordination plots represents an entire microbial community sample. For 
analyzing the taxa abundance data, the Weighted Unifrac (WUnifrac) distance 
metric was used, which describes the dissimilarity between communities using 
a phylogenetic distance.  Similar biological samples produced a small 
dissimilarity score. The focus of this study was on the variations within 
specific taxa as done in Prediction Analysis for Microarrays (PAM) 
(Tibshirani et al., 2002).   
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Figure 7.1  Reservoir water samples before (RWB) and after (RWA) 
rainevents. Archaeal Richness is in green color and Bacterial Richness is 




Figure 7.2: Relative abundance of nine most common bacterial families 
across the fifteen water samples. The size of each color block in the family 
richness bar chart represents the number of detected OTUs in that family 
relative to the total number of eOTUs detected in that sample. For example, 
Firmicutes OTUs accounted for 12.73% of the total sample’s eOTUs detected 
in the second Fresh Rainwater sample (Rain2). 
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Fresh rainwater and reservoir samples formed separate groups in ordination 
analysis using abundance and binary metrics.  However, they were not found 
to be significantly dissimilar (Adonis p-value = 0.095) in the using abundance 
metrics (Figure 7.3).  Also, reservoir water samples collected before and after 
the rain events did not exhibit distinct microbiomes in the ordination analysis, 
as no separation of samples collected before and after the rain events was 
observed in the abundance metric analysis with insignificant dissimilarities 
(Adonis p-value = 0.102) (Figure 7.4). 
 
Figure 7.3: Principle coordinates analysis of fresh rainwater samples (green) 
and reservoir samples (blue). Analysis was based on unweighted unifrac 
distance between samples from 2,119 taxa with incidence differences. Axis 1: 
51% of variation explained. Axis 2: 23% of variation explained. 
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Figure 7.4: Principle coordinates analysis of fresh rainwater samples (Pink), 
reservoir samples before rain events (Grey) and reservoir samples after 
rainevents (Orange) based on abundance metrics. Analysis was based on 
unweighted unifrac distance between samples from 2,119 taxa with incidence 
differences. Axis 1: 51% of variation explained. Axis 2: 23% of variation 
explained. 
 
Binary metric analysis, on the other hand, revealed a significant separation of 
microbiome of rainwater from reservoir water samples (Adonis p-value 
=0.002), but no separation of diversity clusters before and after rain events in 
reservoir samples. This observation once again confirms insignificant 
dissimilarities (Adonis p-value = 0.903) in the reservoir bacterial diversity due 
to rain events (Figure 7.5), establishing little impact of rainwater on qualitative 























Figure 7.5: Principle coordinates analysis of (A) fresh rainwater samples and 
reservoir samples; (B) fresh rainwater samples, reservoir samples before rain 
events and reservoir samples after rainevents based on binary metrics. 
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Thus, microbiomes of reservoir water samples before and after the rain event 
were indistinguishable, suggesting little impact of rainevents on the qualitative 
bacterial diversity of reservoir aquatic systems. The 12 major bacterial taxa 
that produced the highest significant p-values for distinguishing rainwater and 
reservoir water bacterial diversity belonged to the phyla Proteobacteria, 
Actinobacteria, Firmicutes, Cyanobacteria, Spirochaetes and Acidobacteria 
(Figure 7.6).  
 
It was found that the fresh rainwater samples were associated with higher 
levels of Burkholderia sp. (OTU 127), Methylobacterium fujisawaense (OTU 
128) and Acidobacteriaceae (OUT 1711) as compared to the reservoir water 
samples.  Conversely, fresh rainwater samples were associated with lower 
levels of Sphingomonadaceae (OTU 224), Microbacteriaceae (OTU 2729) and 
others compared to the reservoir water samples (Figure 7.6). This was again 
confirmed by inter-comparison of all the three categories of water samples 
with each other, for example, bacterial diversity of fresh rainwater vs. bacterial 
diversity of reservoir water before the rain event vs. that of reservoir water 
after the rain event.  Fresh rainwater samples were found to be associated with 
higher levels of Burkholderiaceae family (OUT 127), Methylobacteriaceae 
(OUT 128), Deinococcaceae (OUT 1004) along with Spirochaetaceae (OUT 
897) when compared to both reservoir samples collected before and after the 
rain events (Figure 7.7). 
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Figure 7.6: Significant abundance variations in specific taxa between Fresh 
rainwater (green) and reservoir water (blue) samples. Reservoir data is 
combined data for before and after events. HybScores are on the y-axis. 
Numbers in parentheses are OTU identification numbers. 
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Figure 7.7: Significant abundance variations in specific taxa between Fresh 
rainwater (orange), reservoir after (green) and before (blue) rain events.  





After examining the in-depth incidence and abundance difference in the 
bacterial diversity between fresh rainwater and reservoir water, the impact of 
rain events on the reservoir microbial quality was assessed in terms of 
qualitative and quantitative measures using the incidence and abundance 
encompassing both the components of bacterial diversity. The reservoir water 
samples were analyzed alone with emphasis on the degree of variation of 
microbial population in the reservoir before and after rain events.  
 
Since there was no major change in the qualitative profile of reservoir water 
bacterial diversity due to rainevents, the quantitative impact of rain events on 
the reservoir bacterial diversity was explored by comparing the abundance of 
the detected OTUs before and after rain events. Figure 7.8 highlights the 
Interactive Tree of Life  (iTOL) that visualizes the changes in each OTU's 
relative abundance while displaying the phylogenetic relationships among 
those OTUs via a phylogenetic tree.  
 
From the 2119 OTUs detected in this study, 111 OTUs (within 37 bacterial 
families) were significantly different (p = 0.05) in one of the comparison 
groups.  A total of 37 OTUs were displayed in the tree (Figure 7.8). Of the 
OTUs selected, those within Acidobacteria, Euryarchota, Planctomycetes, 
Cyanobacteria, Bacteroidetes and Firmicutes generally appeared to be more 
abundant in reservoir water samples collected after the rain event (RWA).  In 
Proteobacteria, the selected OTUs exhibit mixed responses.  However, 
Herminiimonas fonticola (OTU 1027) was always found to be reduced after 
the rain events (Figure 7.8).  The color saturation in the phylogenetic tree 
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indicates the degree of difference from the mean RWB value, where dark blue 
indicates a log ratio of 0.36, white being 1.0 (steady state samples as 
reference), and dark red being 3.2.  Individual leaves on the tree, representing 
37 bacterial families, have OTU identification numbers than can be used to 
locate more information at the microarray dataset archive. 
 
While comparing the relative abundance, a paired t-test was carried out to look 
for those OTUs that were significantly increased or decreased based on the 
occurrence of the rain event while taking the sample pairings into account.  All 
comparisons were performed using relative abundances of OTUs.  All in all, 
191 OTUs were found to be significantly different in their abundance. It was 
found that Rhodospirillaceae (OTU 2087), Lachnospiraceae (OTU 1319 and 
OTU 2200) were more abundant in samples after the rain event compared to 
samples before the rain events with p-values < 0.001 (Figure 7.9). The 
Rhodospirillaceae are a family of Proteobacteria. The majority are purple non-
sulfur bacteria, producing energy through photosynthesis.  Rhodospirillaceae 
are found in air, soil and all aquatic ecosystems (Madigan et al., 1984).  Thus, 
they can increase in numbers due to surface run off addition to reservoir water 
carrying air and soil particles and/or wet deposition (rainfall) and dry 
deposition (natural fallout of airborne particles containing biological 
materials).  
 
The most interesting finding made in this study was that most of the OTUs 
that increased after rain events belonged to Lachnospiraceae of the Firmicutes 
Phyllum. These bacterial families Lachnospiraceae are particularly abundant 
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in sewage and many individual human fecal samples, making these groups 
prime targets for identifying new source-associated fecal markers and/or 
microbial signatures (McLellan et al., 2013).  However, the traditional water 
quality surveillance relies upon a small subset of easily culturable facultative 
anaerobes, such as Escherichia coli or Enterococci. These bacteria commonly 
occur in both animals and humans, thereby providing no information 
regarding the specific source of fecal pollution.   
 
McLellan et al. (2010) suggested that the Lachnospiraceae family would be an 
ideal bacterial group for fecal source tracking as Lachnospiraceae was found 
to be one of the most abundant groups of fecal bacteria in sewage, and several 
Lachnospiraceae high-abundance sewage pyrotags occurred in at least 46 of 
48 human fecal samples, along with its abundance in wastewater treatment 
plant influent samples.  This finding highlights that rain events can lead to an 
increase in the abundance of fecal bacteria that remains a major source of fecal 
pollution that has been documented to contribute to water quality impairment 
of rivers, streams and coastal waters (USEPA, 2009).  
 
The series of investigations made in this work using an advanced molecular 
technique (PhyloChip Microarray) reveals that the reservoir water bacterial 
diversity before and after rain events were similar as long as the species 
richness is concerned, but differed in the species evenness or abundance. The 
abundance of certain bacteria increased due to rain events, impacting the 
reservoir water microbial quality.  The species found to increase after rain 
events mostly belonged to Lachnospiraceae family, which are human fecal 
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bacteria.   This key observation made in this study confirms the previous 
findings that suggested that rainfall has a negative effect on beach bacterial 
water quality (Lipp et al. 2001, Boehm et al. 2002) through enhanced 
stormwater runoff of animal feces and other bacterial sources that are 
deposited on land between storms. The impact of human sewage inputs 
through infiltration-mediated leaks in the sewage transmission infrastructure 
on surface water microbial quality was also suggested as an additional 
contributing factor.  However, the work done in this doctoral thesis represents 
the first study of its kind that demonstrates the influence of tropical rainfall on 
the bacterial species abundance of freshwater stored in a reservoir. 
 
 




Figure 7.8: Circular phylogenetic tree displaying taxonomic relationship of 
differentially abundant OTUs based on 16S rRNA gene alignment. Microbial 
families in reservoir water with significant abundance differences between 
before and after rainevents (Welch test p = 0.05). The phylogenetic tree 
compares reservoir water before rain event (RWB) samples (inner rings) and 
reservoir water after rain event (RWA) samples (outer rings). Heat map rings 
around the tree show increases or decreases in microbial abundance relative 
to combined category means: red indicates an increase in OTU abundance 
with log ratio of 3.2; blue indicates a decrease in abundance with log ratio of 
0.36; and white = 1.0 (steady state samples as reference). 
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Figure 7.9: Relative abundance of OTUs showing statistically significant 
difference in paired test for change in before and after rainevents bacterial 
diversity. (A) OTU 2087 (Bacteria, Proteobacteria, Alphaproteobacteria, 
Rhodospirillales, Unclassified Rhodospirillaceae) was more abundant in 
samples after rain event compared to samples before rain event (p-value 
0.00139); (B) OTU 2200 (Bacteria, Firmicutes, Clostridia, Clostridiales, 
Unclassified Lachnospiraceae) was also more abundant in samples after rain 






Rainwater and reservoir water samples collected before and after rain events 
were subjected to high-density universal 16S rRNA microarray analysis using 
a Phylochip microarray system to develop an in-depth scientific knowledge of 
microbial communities in freshwater and their response to environmental 
factors. It was observed that fresh rainwater bacterial diversity formed a 
separate cluster as compared to the reservoir microbial composition as rain 
and reservoir water samples had distinct incidence profiles.  However, water 
samples collected before and after rain events in the reservoir had similar 
microbiome, but changes in abundance of certain populations were observed 
after rain events including an increase in Caulobacter vibrioides, multiple 
OTUs within Lachnospiraceae and Rhodospirillacea. Thus, rainwater was 
found to be an important source of fecal bacterial population adding to fecal 
pollution in reservoir water and its influence on surface water quality merits 
consideration in the context of microbial source tracking, especially in tropical 
areas such as Singapore in view of frequent and abundant rainfall. 
 
Another interesting finding of this study is that the traditional fecal indicators 
used can detect fecal pollution, but do not provide sufficient information for 
identifying causes and sources of poor water quality (Field and Samadpour, 
2007; Stewart et al., 2008).  The advanced molecular technique used in this 
work with the use of PhyloChip microarray helps to identify host-specific 
phylotypes that can characterize the bacterial community of impacted surface 
waters in depth.  The wealth of knowledge obtained with the use of the 
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PhyloChip microarray on the bacterial diversity and bacterial species 
abundance enables the development of source-specific alternative fecal 
indicators that would enhance water quality assessments and management. 
The microbial source tracking in conjunction with surface water quality 
enhancement would in turn lead to improved ecosystem health and reduced 
human health risk, posed by waterborne pathogens. 
 
In summary, the microbial communities of fresh rainwater and reservoir water 
were characterized. The composition of microbial communities present before 
the rain events and after rain events in reservoir water was compared in order 
to understand the impact of rain events on the microbial quality of freshwater 
in terms of sources of microbial structure in great depth. These datasets were 
then examined to identify new host-specific indicators of fecal pollution. The 
key findings made in this study have important implications on public health 
and also highlights the need to study the link between the freshwater microbial 




Chapter 8  
Novel Approach for Disinfection of Waterborne 
Microbial Pathogens and its Toxicity Assessment 
with Conventional Disinfection Method   
8.1 Introduction  
 
Drinking water in developing countries is often collected from improved or 
natural surfaces and is stored for a long time before use. Water collected from 
these surfaces usually contains potential pathogens, especially during and after 
natural disasters such as floods, and/or is deficient in disinfectant ability at the 
point-of-use.  Also Rainwater harvesting (RWH) has received considerable 
attention as a potential alternative source of potable and nonpotable water in 
regions where there is water scarcity (Meera and Ahammed, 2006). Several 
countries around the world such as Australia, Canada, Denmark, Germany, 
India, Japan, New Zealand, Thailand, and the United States utilize RWH to 
augment freshwater supplies (Despins et al., 2009; Evans et al., 2006; Uba and 
Aghogho, 2000). However, the issues of rainwater quality in terms of 
chemical and microbiological contamination and its potential health risks have 
not been sufficiently addressed as part of the routine water quality assessment 
program. Numerous reports have revealed the presence of potentially 
pathogenic microorganisms such as Aeromonas spp., Campylobacter spp., 
Salmonella spp., Giardia spp., and Cryptosporidium spp., in roof-harvested 
rainwater  (Ahmed et al., 2011; Ahmed et al., 2008; Albrechtsen, 2002; Savill 
et al., 2001; Simmons et al., 2001) and Escherichia coli, Klebsiella 
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pneumoniae, Pseudomonas aeruginosa, and Aeromonas hydrophila  in  fresh 
rainwater (Kaushik et al., 2012). In view of this microbiological 
contamination, rainwater needs to be thoroughly examined for its quality and 
be properly treated before human consumption.  
 
Consumption of untreated drinking water under these circumstances may pose 
latent risk to the health of users. Consequently, water treatment technologies 
such as the use of chemical disinfectants and/or ultraviolet irradiation are 
commonly employed to control undesirable microbial growth in water and on 
surfaces (Carducci et al., 2009; Elmnasser et al., 2008). However, bacterial 
pathogens such as Cryptosporidium parvum and Giardia lamblia have been 
reported to develop resistance to conventional chemical disinfectants (Korich 
et al., 1990; Nwachcuku and Garba, 2004) and   UV treatment because of 
alterations in the configuration of their DNA after treatment (Weinbauer et al., 
1997). Chlorine has been widely used for drinking water disinfection since the 
beginning of the last century and still remains the major chemical disinfectant 
of choice around the world (Connell, 1996).  However, there are serious health 
concerns associated with the formation of harmful by-products, commonly 
known as disinfection by-products (DBPs), following chlorination 
(Richardson et al., 2007; Yuan et al., 2005).  For example, epidemiological 
studies have suggested that exposure to these mutagenic DBPs may play an 
important role in the etiology of human kidney and bladder cancer (Cantor, 
1997; Koivusalo et al., 1997). Correlation between consumption of chlorinated 
drinking water and an increased cancer risk has also been shown from 
epidemiological studies (Cantor, 1997; Koivusalo et al., 1997; Tao et al., 
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1999), which has also been confirmed by long-term carcinogenicity studies in 
rats and DNA damage in mice (Herren-Freund and Pereira, 1986; Yuan et al., 
2006; Richardson et al., 2007).   
 
To overcome these shortcomings of chlorination, an alternative disinfection 
technique is needed, with the capability of inactivating pathogens effectively 
with no undesired byproducts. Gene silencing has been recently proposed as a 
promising disinfection technology by Morse et al., 2010.  This disinfection 
method makes use of antisense oligodeoxynucleotide (ASO) silencing to 
control microbial growth by silencing genes essential for cell survival. This 
technique relies on the use of single strands of oligodeoxynucleotides 
generally 12-22 nucleotides in length, which are reverse and complementary 
to the target mRNA of interest (Loke et al., 1989). When binding occurs 
between the ASO and target mRNA of the microorganism, steric translational 
inhibition occurs at the ribosomal complex, inducing the RNase H to cleave 
the 3′-O-P bond of the RNA molecule (Wang et al., 2008) and thus silencing 
the gene of interest. ASO silencing has been used in the biomedical field and 
was recently demonstrated to be a naturally occurring phenomenon (Werner 
and Sayer, 2009).  However, its toxicity assessment as compared to 
conventional disinfection techniques remains unknown in the context of water 
quality enhancement. Toxicity of chemical disinfection and DBPs has been 
intensively studied and reported in literature (WHO, 1996; Monarca et al., 
1998; Yuan et al., 2005; Marbini et al., 2007).  This study was carried out to 
assess the effectiveness of gene silencing for its microbial inactivation based 
on its toxicity potential as compared to conventional chlorination.  
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Fecal coliform bacteria, especially Escherichia coli (E. coli; a Gram-negative, 
rod-shaped bacterium), have attracted special attention in studies dealing with 
microbial contamination of natural waters because of their prevalence in the 
environment (Ahmed et al., 2008; WHO, 2004).  E.coli in particular has been 
increasingly used as an indicator of fecal contamination and microbiological 
impairment of water because of the existence of its various strains in 
microbially contaminated natural waters (e.g., enteropathogenic, 
enterotoxigenic, enterohemorragic E. coli strains) (Pachepsky and Shelton, 
2011). In addition, the current drinking water regulations for drinking, 
irrigation, and recreational purposes are primarily based on E. coli 
concentrations (WHO, 2004).  Consequently, this study was designed with 
two complementary components:  (1) The first component deals with the 
optimization of gene silencing technique for maximum microbial inactivation 
of E. coli. and (2) The second component of the study deals with a 
comparative toxicity assessment of the optimized gene silencing disinfection 
method and the traditional chlorine disinfection method on the basis of 
cytotoxicity and genotoxicity.  
 
8.2 Materials and Methods  
8.2.1 Gene silencing as disinfection technique 
8.2.1.1 Bacterial growth conditions and ssDNA Target Sequences:  
E.coli ATCC 700790 (American Type Culture Collection, Manassas, VA) was 
grown in a Luria-Bertani (LB) media with and without Ampicillin (10 µg/mL) 
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at 37°C overnight with aeration on a rotary shaker at 220 rpm. DNA sequences 
were designed to block expression of two genes: one coding for multiple 
antibiotic resistance protein    (marA, NCBI Gene ID: 947613, Locus tag: 
b1531) and the other coding for essential gene (groL, NCBI Gene ID: 948665, 
Locus tag: b4143); this chaperone protein groEL (Hsp60) and its regulator 
groES are necessary for the proper folding of certain proteins.  The ssDNA 
sequences, which were used for silencing of these two genes, are shown in 
Table 8.1. The ssDNA was purchased from Integrated DNA Technologies 
(Coralville, USA).  In this study, E.coli cells were not made competent prior to 
any incubation, and were just incubated in the presence of ssDNA for the 
natural uptake to occur, by passing through the cellular membrane through 






































8.2.1.2 Ampicillin Resistance (marA) Gene Silencing:  
E.coli was grown in 100 mL of Luria-Bertani (LB) medium containing 
Ampicillin (10 µg/mL) at 37°C in 250 mL Erlenmeyer flasks on an orbital 
shaker at 220 rpm.  At the beginning of each experiment, 5 mL of log-phase 
culture was transferred into 25 mL Erlenmeyer flasks containing 10 mL of LB 
medium containing Ampicillin (10 µg/mL).  The average starting cell 
concentration was (3 + 0.3) × 108 cells/mL.  The cultures were then exposed to 
0, 1, 10, 100, and 300 nM of ssDNA (marA1, marA3, and marA5) and 
incubated at 37°C on a shaker at 220 rpm for 3 h.  For mixture experiments, 
100 nM of each target was used to obtain a combined concentration of 300 
nM.  Two negative controls were also prepared consisting of no ssDNA and 
300 nM scrambled ssDNA conditions.  Cell numbers for each treatment were 
monitored every 30 min by plating the cell suspension on LB for 48 h at 37°C.  
All cell count measurements were performed at least in duplicate for all 
replicates. Independent experiments were carried out three times starting from 
plated E.coli cells. 
 
8.2.1.3 Essential gene (groL) Gene Silencing:  
E.coli was grown in 100 mL of LB medium at 37°C in 250 mL Erlenmeyer 
flasks on an orbital shaker at 220 rpm.  At the beginning of each experiment, 5 
mL of log-phase culture was transferred into 25 mL Erlenmeyer flasks 
containing 10 mL of LB medium. The culture was exposed to 0, 1, 10, 100, 
and 300 nM each of groL1, groL3 and groL5 ssDNA and incubated at 37°C on 
shaker at 220 rpm for 3 h, followed by the steps and conditions as described 
above for marA gene silencing. 
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8.2.2 Comparative Toxicity Assessment: Gene silencing versus 
Chlorination 
8.2.2.1 Chlorination and Extraction of water samples:   
For chlorine disinfection, the dosage of chlorine added was adjusted to 
produce a total chlorine concentration of 2 mg/L (Shi et al., 2009). As reported 
in the previous studies (Marabini et al., 2007; Shi et al., 2009), the chlorinated 
water samples were taken, immediately acidified with HCl to pH 2, and 
maintained at 4oC before the solid-phase extraction (SPE). The cartridge in the 
SPE column was pre-activated with ethyl acetate, dichloromethane, methanol 
and distilled water in sequence (40 mL of each solvent) for concentrating the 
chlorinated water extracts by SPE adsorption. 1L water sample was then 
concentrated by solid-phase adsorption with 10 g trifunctional silica gel C18 
cartridges (Sep-Pak Plus C18 environmental cartridges; Waters 
Chromatography, Milford, MA).  The chlorinated water was filtered through 
the cartridge with a pump in a multi-sample concentration system.  The 
sequential elution of the adsorbed material from the cartridges was done with 
ethyl acetate, dichloromethane and methanol (40mL per solvent).  The eluents 
were pooled for each point, and were evaporated to dryness using a rotary 
vacuum evaporator and then dissolved in 1 mL DMSO and stored at -20oC 




8.2.2.2 Cell culture and different treatments  
The HepG2 cell line (Human hepatocytes) with endogenous bio-activation 
capacity, obtained from the American Types Cell Culture Collection (Istituto 
Zooprofilattico, Brescia, Italy), was grown in Dulbecco’s modified Eagle’s 
medium (DMEM) containing 10% fetal bovine serum, 100 U/mL penicillin G 
and 100 mg/mL streptomycin at 37oC in 5% CO2. The HepG2 cells retain 
many of the morphological characteristics of liver parenchymal cells and 
contain several enzymes responsible for the activation of various xenobiotics.  
These cells appear to offer a practical alternative to the use of S9 mix for 
assessing the genotoxicity of many compounds that are indirect mutagens for 
both the Comet and MN assay (Valentin-Severin et al., 2003).  Furthermore, 
HepG2 cells were reported to provide a useful tool for the detection of 
genotoxic effects of drinking water mixtures (Lu et al., 2004).  HepG2 cells 
were seeded into 96 well plates (for cytotoxicity) and 6 well plates 
(genotoxicity) at a density of 1x 104 cells/mL in DMEM with 10% Fetal 
Bovine Serum (FBS) and incubated for 24 h.  
 
For the chlorine treatments, the HepG2 cells were exposed to water extracts 
corresponding to 0.2, 1, 5, 25 and 50 mL water/mL medium for 24 h. DMEM 
containing 1% DMSO  (Dimethyl sulfoxide) was used as a negative control.  
For the gene silencing treatments, the HepG2 cells were exposed to best 
ssDNA (groL1) at 1, 10, 100, 300 nM along with 300 nM of mixed ssDNA 
(groL1+groL3+groL5) in order to estimate all possible combinations for gene 
silencing. All experiments were performed in duplicates and also as three 
independent experiments. 
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8.2.2.3 Cell viability, cytotoxicity and caspase 3/7 activation assays 
Cell viability, cytotoxicity and caspase 3/7 activation were measured using 
Apotox-Glo triplex assay kit (Promega, Madison, WI) as per the 
manufacturer’s instructions after 24 h exposure of HepG2 cells seeded into 96 
well plates for 24 h to different treatments. The first part of the assay 
measured two protease activities simultaneously; one being the marker of cell 
viability (glycyl-phenylalanyl-aminoflurocoumarin; GF-AFC), and the other 
being the marker of cytotoxicity, or cell death (bis-alanylalanyl-phenylalanyl-
rhodamine 110; bis-AAF-R110).  The live cell substrate (GF-AFC) entered the 
metabolically active cells where it was cleaved by the live-cell protease 
activity to generate a fluorescent signal whereas bis-ARF-R110 was cleaved 
by the dead cell protease activity, which was released by the cells that had lost 
membrane integrity.  The live and dead cell proteases produced different 
products, AFC and R110, which were measured on a fluorescence reader at 
400Ex/505Em and 485Ex/520Em, respectively.  
 
The second part of the assay used a luminogenic caspase 3/7 substrate with 
other reagents that caused cell lysis followed by caspase cleavage of the 
substrate and generation of a luminescent signal produced by luciferase.  
Luminescence was proportional to the amount of caspase activity present.  All 





8.2.2.4 Alkaline Single cell gel electrophoreses assay (Comet assay) 
The exposure time was 24 h at 37oC for all the different treatment conditions 
of the test compounds. After the treatment, the cells were trypsinized (0.1% 
trypsin solution, 5 min), centrifuged (1500rpm, 5 min) and resuspended in in 
ice cold HBSS (Hank's Balanced Salt Solution) with 10% DMSO medium to 
obtain single cells for each treatment.  The treated cells (1 x 105) were mixed 
with 46 µl of 0.7% low-melting agarose (LMA) were embedded on comet 
slides and put at 4oC for 15-20 min for the low melting agarose to solidify.  
Thereafter, the slides were transferred to a cold lysis buffer (2.5 M NaCl, 100 
mM Na2EDTA, 10mM Tris base, 1% Triton-X 100 and 10% DMSO) over 1 h 
at 4oC. The DNA was then allowed to unwind for 20 min in an alkaline 
electrophoresis buffer (1mM Na2EDTA, 300mM NaOH, pH≥13) by 
transferring the slides to an electrophoretic box containing cold alkaine 
electrophoresis buffer for 40 min and subjected to electrophoresis for 20 min 
at 25 V (300 mA) in the dark.  The slides were then washed three times in a 
neutralisation buffer (0.5M Tris–HCl, pH 7.5) for 5 min to remove alkali and 
detergent (Singh et al., 1988).  Thereafter, slides were soaked in 70% ethanol 
for 10 min and air dried in a chamber at 37oC.  Before examination, slides 
were stained with 100 µl 1X Vista Green DNA Dye (Cell Biolabs, San Diego, 
USA) and incubated at room temperature for 15 min. The DNA damage 
caused to the cells due to the treatments, results in increasing DNA migration 
away from the individual cells thereby producing a characteristic comet shape. 
100 randomly chosen cells (comets) were examined and scored visually at 400 
× magnification under a fluorescence microscope equipped with an excitation 
filter BP 515–560 nm and a barrier filter LP 580 nm. The samples were coded 
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and evaluated blind (100 cells per each of two replicate slides per treatment). 
The assay was perfomed independently thrice with cell suspensions that 
showed at least 70% survival. The comet parameters were determined by use 
of an image-analysis system (Metamorph®, Crisel Instruments, Rome, Italy). 
Tail moment was chosen to represent the data on genotoxic effects. 
 
8.2.2.5 Micronucleus assay  
After 24 h treatment, the medium was removed and cytochalasin-B (final 
concentration: 3µg/mL) was added in fresh medium for another 24 h. 
Thereafter, cells were harvested and resuspended in cold hypotonic solution 
(0.075 M KCl) for 1 min and gently fixed in a methanol/acetic acid (3:1) 
solution twice, and finally dropped onto clean slides. For detection of 
Micronuclei (MN) in binucleated cells, slides were stained with stained with 
acridine orange (30 µg/ml) which differentially stains the nucleus and 
cytoplasm. MN in 1000 binucleated cells (BNCs) with well-preserved 
cytoplasm were scored using a light microscope (Olympus) for each treatment 
(Fenech, 2000, 2007). 
 
8.2.3 Statistical analysis 
All the data for inactivation of E.coli cells by gene silencing are expressed as 
the log reduction achieved by obtaining difference in cell number to the no 
ssDNA treatment + standard deviation.  The statistical difference between the 
treatments and the no ssDNA control as well as that between groups was 
examined using an unpaired Student t test. The toxicological data and results 
are presented as means + S.D.  Statistical analysis was performed by one-way 
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ANOVA, differences among means were compared by the Holm-Sidek ad hoc 
multiple comparisons test (SigmaPlot v.l1) and Pearson correlation coefficient. 
Differences were considered significant when p < 0.05. 
 
8.3 Results and Discussion  
8.3.1 Optimization of ASO gene silencing  
E. coli cell numbers, when exposed to ssDNA, were more significantly 
reduced with the ssDNA target of groL gene as compared to the ssDNA target 
of marA gene in terms of log reduction, at a fixed concentration of 100 nM, as 
shown in Figure 8.1A & 8.2A.  The sequence groL-1 with the highest GC 
content (Table 8.1) showed a log reduction of 1.2 relative to the control with 
no ssDNA while 0.5 and 1.1 were the maximum log reduction values observed 
for groL-3 and groL-5, respectively, at the 90 min time point (Figure 8.1A).  
The reduction in cell numbers was relatively lower at the 120 min time point, 
but still significantly higher than those obtained at 30, 60, 150 and 180 min (p 
< 0.001 and p < 0.01). In the case of marA gene, marA-1 gave the maximum 
reduction in cell numbers (a log reduction of 0.77), followed by marA-3 and 
marA-5.  The marA targets also showed their best performance at the 90 min 
time point followed by the 120 min time point.  These trends are similar to 
those obtained for the groL ssDNA targets as shown in Fig.8.2A- Fig.8.1A.  
Thus, the ssDNA expressed its effective inactivation of E. coli at the 90 min 





















Figure 8.1:  (A). Gene silencing potential of groL targets on growth of E. coli.  
(B). Effect of groL-1 ssDNA concentration on E. coli growth at different time 
intervals. Star (*) indicate significant difference in cell numbers relative to 
those with no ssDNA at p ≤ 0.01, (**) p ≤ 0.001 and (# ) p ≤ 0.05.  
It was observed that the highest log reduction in both the genes was obtained 
by sequences located at the beginning of the target gene.  This agrees with the 
finding of Altuvia et al. (1998), who suggested that the target location should 
be either blocking ribosomal attachment partially (i.e., blocking the ribosome 
binding sites), or displacing the 16S rRNA that is used during translation for 
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gene silencing. As a result, targets designed closer to the start of the gene 
should be more efficient at stopping translation, thereby achieving higher gene 



































Figure 8.2:  A). Gene silencing potential of marA Targets on growth of E. 
coli. (B) Effect of marA-1 ssDNA concentration on E. coli growth at different 
time intervals. Star (*) indicates significant difference in cell numbers relative 
to those with no ssDNA at p ≤ 0.01, (**) p ≤ 0.001 and (# ) p ≤ 0.05. 
 





a period of 180 min.  The log reduction values obtained in E. coli cells treated 
with groL-1 relative to the no ssDNA control ranged from 0 to 1.5 (Figure.8B) 
with the strongest effect being observed at the 90 min time point for all 
concentrations of groL-1 which were statisically significant with p < 0.01.  For 
marA-1 ssDNA, the log reduction values ranged from 0 to 0.7 (Figure 8.2B), 
with the strongest effect being observed at 90 min followed by 120 min for all 
the concentrations tested as the difference was statistically significant with p 
<0.005. The log reduction obtained at 120 mins was lower than 90 min, but 
still higher than those obtained at other time intervals in all the experiments, 
indicating ssDNA targets remains effective and stable up to 120 min. These 
observations are in agreement with those obtained by Morse et al. (2012) in P. 
pastoris. 
 
The E. coli growth inhibition increased with an increase in the concentrations 
of groL-1 and marA-1, peaking at 100 nM and then decreasing at 300 nM.  
Thus, unlike the findings of Morse et al., 2012 in P. pastoris, the ssDNA 
concentrations ranging from 1 to 300 nM did make a difference to their impact 
on the E.coli growth.  This observation can possibly be explained in terms of 
interactions between ssDNA targets and mRNA transcripts in E.coli, as the 
addition of ssDNA at concentrations in excess of 100 nM in the cell may be 
higher than the corresponding mRNA transcript concentration to which the 
ssDNA binds itself. As a result, the addition of more ssDNA than what is 
necessary would not have any significant effect on the effectiveness of gene 
silencing, as all mRNA transcripts are already in the bound conformation with 
suppression of the gene expression i.e. no release of protein. This finding is 
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similar to the trends observed in a previous study by Jackson et al. (2003). In 
the current study, 100nM concentration was found to give the best growth 
inhibition of E.coli for both gene targets.  
 
To determine whether a mixture of ssDNA targets within a specific gene is 
more effective at gene silencing than an individual ssDNA, the gene silencing 
performance of a mixture of ssDNA sequences was compared to that of the 
individual sequences in E. coli for both the marA and groL genes.  For both 
the genes, the combination of ssDNA targets did not enhance E. coli inhibition 
as compared to the individual ssDNA (Figure.8.3). For example, groL-1 
individually at its concentration of 300 nM gave a 1.25 log reduction as 
compared to the 0.35 log reduction obtained by the mixture at 300 nM.  
Inhibition of E. coli growth was significantly different in the presence of the 
individual ssDNA as compared to their combinations at various time points 
(Figure.8.3). Significant differences were observed when comparing the 
inhibition by a mixture of ssDNA targets of genes and the scramble control at 
all time points except 30 min for groL gene target (p < 0.01 and p < 0.001).  
For the marA gene, growth was statistically significantly different in the 
presence of a mixture of ssDNA targets as compared to the scramble control 
for all time points. The maximum log reduction obtained for groL mixtures 
was 0.45 as compared to 0.35 of marA mixtures, suggesting that ASO-based 
gene silencing becomes less effective when a mixture of groL or marA gene 
targets is used in place of individual ssDNA targets at the same concentration.  
This reduction can be attributed to limited hybridization between the family of 
groL/marA target genes and the corresponding mRNA via Watson-Crick base 
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pairing.  Alternatively, the RNase H activity may become less effective, while 
using a combination of gene targets, resulting in limited down-regulation of 
the target protein expression.  
 
Figure 8.3: Effect of ssDNA target mixtures of groL and marA genes on E. 
coli  growth. Star (*) indicates significant difference in cell number relative to 
no ssDNA at p ≤ 0.01, (**) p ≤ 0.001 and (# ) p ≤ 0.05. 
 
The strength and stability of interactions between the ASO and 
complementary target mRNA depends on the ASO design, in particular, the 
genetic sequence of oligodeoxynucleotides, their composition in terms of GC 
contents, their length and also on their concentration and the time involved for 
the formation of an RNA-DNA duplex.  The systematic optimization of the 
ASO-based gene silencing method carried out in this study reveals that the use 
of groL-1 (essential gene Hsp60) at a concentration of 100 nM and a time 
 189 
point of 90 min makes disinfection of water contaminated with E. coli very 
effective. 
 
8.3.2 In vitro Toxicity assessment of gene silencing versus chlorination 
8.3.2.1 Cytotoxicity  
Cytotoxicity profiles of different treatments from the ssDNA-based gene 
silencing and chlorination were measured in terms of cell viability and cell 
death, and are shown in Fig. 8.4(A) and 8.4(B).  Cell viability was calculated 
as % of metabolically active cells, while cell death is reported as % of cell 
death relative to the control.  Significant differences in the cell viability of 
HepG2 cells exposed to ssDNA and water disinfected by chlorine were 
observed.  There was no significant difference in cell viability between ssDNA 
treatment of HepG2 cells and control wells except for the highest 
concentration of the mixed ssDNA. However, the chlorinated water treated 
wells showed a significant difference at all concentrations for cell viability (p 
< 0.001) compared to controls wells. From Figure. 8(A), it could be seen that 
higher cell viability was observed for ssDNA compared to chlorinated water 
extracts indicating its lower toxicity to HepG2 cells. These results are in 
accordance with earlier reports, where chlorine disinfected water has been 
reported to decrease cell viability (Buschini et al., 2004).  
 
In this study, 0.2 mL water/mL medium to 50 mL water/mL medium 
concentrations of chlorinated water extracts significantly decreased the 
survival rates of HepG2 cells as shown by significant increases in cytotoxicity 
(p < 0.001) in Fig 8.4B.  However, HepG2 cells exposed to 1 - 300 nM of 
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ssDNA didn't show much difference in cytotoxicity for 1 - 100 nM 
concentration. Only 300nM of ssDNA showed significantly higher 
cytotoxicity (p < 0.001) to HepG2 cells and was much lower than the 
cytotoxicity caused by the lowest concentration of 0.2 mL water/mL medium 


























Figure 8.4: Percentage (%) metabolically active HepG2 cells after exposure to 
different concentrations of ssDNA in nM (1, 10, 100, 300, 300 mixed) and 
chlorinated water extracts in mL water/mL medium (0.2, 1,5, 25, 50). (B). 
Cytotoxicity (%) of HepG2 cells upon exposure to different concentrations of 
ssDNA in nM (1, 10, 100, 300, 300 mixed) and chlorinated water extracts in 
mL water/mL medium (0.2, 1,5, 25, 50). (C). Caspase 3/7 activities in treated 
and control HepG2 cells expressed as Relative Luminescence Units (RLU). 
Star (*) indicates significant difference in cell numbers relative to those with 
no ssDNA at p ≤ 0.01, (**) p ≤ 0.001 and (#) p ≤ 0.05 (one way ANOVA with 
the Holm-Sidek ad hoc multiple comparisons test). 
 
Increase in cytotoxicity observed in all chlorinated water extracts can be due 
to both DNA damage and chromosome damage. In fact, it has been reported 
by Marabini et al. (2007) that DNA damage and chromosome damage were 
the two main reasons for reduction in cell viability of natural waters treated by 
chlorination. The cytotoxicity level exhibited by the lowest concentration of 
chlorinated water extracts is even higher than what was observed by 300 nM 
of individual ssDNA. This cytotoxicity assay thus, confirms that the 
chlorinated water tends to cause more cell death and damage as compared to 
gene silencing. In order to further understand the type of cell death, caspase 
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3/7 levels were measured for treated and control cells as described in the 
experimental section, and are shown in Fig. 8.4(C). 
 
Caspase 3/7 belongs to a family of Cysteinee aspartate proteases, which are 
known to be responsible for triggering apoptosis, and are used as an indicator 
for cell death (Kiechle and Zhang, 2002).  Higher levels of caspase 3/7 are 
usually found when cells die due to apoptosis, or programmed cell death 
(PCD).  However, recent evidences suggest that there are other apoptotic 
pathways that function independent of caspase activity and cell death, referred 
to as caspase independent cell death (CICD) (Chen et al., 2009). 
 
In this study, the caspase activity increased with increase in dose for both 
ssDNA treated wells and chlorine water treated wells when compared to 
control wells indicating that the mechanism of cell death in the HepG2 cells 
exposed to the above treatments is via apoptosis.  One factor ANOVA 
revealed a significant effect of concentration (p < 0.001) in the case of water 
treatments by chlorination, but there was no significant difference among 
different ssDNA concentrations used in this study.  A significant difference (p 
< 0.001) in the caspase activity for ssDNA was observed for only mixture for 
groL at 300nM concentration. However, it was still significantly lower than 
the levels obtained for chlorinated water extracts.  
 
Higher caspase 3/7 levels in chlorinated water extracts suggest that chlorine 
tends to induce higher cell death via apoptosis than ssDNA. These results are 
similar to those reported in the earlier studies where apoptotic activity in 
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human lymphocytes and mouse fetal brain was enhanced by chlorination of 
water (Racz et al., 2004; Ahmed et al., 2005). 
 
8.3.2.2 Gentotoxicity  
8.3.2.2.1 Comet Assay 
DBPs such as bromo-organic by-products formed during chemical 
disinfection, and MX (3-chloro-4-dichloromethyl-5-hydroxy-2(5H)-furanone) 
compounds in chlorination are known to induce DNA damage in mammalian 
cells or in Salmonella (Boorman et al., 1999; Richardson et al., 2007).  DNA 
damage is one main aspect of mutagenesis. While neutral comet assay 
indicated DNA double-strand breaks, alkaline comet assay is more sensitive to 
detect primary DNA lesions including single-strand breaks, double-strand 
breaks, incomplete excision repair sites and alkali labile sites that can be 
converted to DNA single-strand breaks during the test procedure (Tice, 1995).  
In this study, water disinfected by gene silencing and chlorination methods 
were exposed to alkaline comet assay in HepG2 cells to evaluate DNA 
damage due to breaks in DNA double strands. A typical comet shaped cell 
with tail indicates DNA double-strand break, which is one of the most toxic 
and mutagenic DNA lesions in human cells. A single double strand break can 
potentially lead to loss of more than 100 million base pairs of genetic 
information which is equivalent to loss of an entire chromosome arm (Higuchi 
and Matsukawa, 1997). For chlorine water extracts, a significant dose 
dependent increase in tail moment was observed with 1, 5, 25 and 50 mL 
water/mL medium of concentrations than control group with p < 0.01 and p < 
0.001 (Figure 8.5B). The results are similar to the findings of Shi et al. (2009), 
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where water disinfected by chlorine showed the highest DNA double-strand 
break capability as compared to other disinfectants. Previous report on the 
comet assay tested for sodium hypochlorite as disinfectant in laboratory 
conditions by Buschini et al., 2004 also showed 0Cl- to induce genotoxicity 
even at lower dose of 0.5 ppm. Most of the studies have shown that the along 
with chlorine, DBPs formed with interaction with NOM during chlorination 
process in natural waters induces genotoxicity (Plewa et al., 2008). However, 
our results once again confirms the finding that chlorination process in 
absence of humic acid also induces genotoxicity similar to the report by 
Gustavino et al., 2005, where chlorine disinfection without the addition of 
Humic acid produced a clear toxic effect assessed by comet assay. It was also 
found that the DNA migration was greater, as shown by the long tail, in 
presence of chlorinated water extracts as compared to ssDNA (Figure.8.6). 
 
In the case of ssDNA, the tail moment in comet assay for all concentrations 
was less than the chlorinated water extracts, but was more than the control 
group. The highest concentration of 300 nM mixed and pure ssDNA target 
showed a significant increase in the comet tail moment than the control group 
with p < 0.001.  The p value for 10 and 100 nM were found to be less than 
0.01 and 0.005, respectively (Figure.8.5A) indicating much lower DNA 
damage to cells at these concentrations as compared to both 300 nM ssDNA 
and all the chlorinated water extracts.  The results of comet assay are 
complementary to the cytotoxicity results which confirms that the higher level 
of DNA double-strand breaks as shown by tail moment caused by chlorine 




Figure 8.5:Tail moment levels of alkaline comet assay in HepG2 cells treated 
by different concentration of (A) groL-1 ssDNA (in nM) and (B) chlorinated 
water extracts (in mL water/mL medium.)  
 
Figure 8.6:  Comet shape and tail observed by Comet Assay for control (A), 
ssDNA (B) Chlorinated water extract (C) and (D) Positive control. 
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8.3.2.2.2 Micronucleus Assay 
Micronuclei (MNi) originate from chromosome fragments, or whole 
chromosomes that lag behind at anaphase during nuclear division. The in vitro 
MN assay detects chromosome breakage, chromosome loss and chromosome 
rearrangement (nucleoplasmic bridges) induced by aneugenic and/or 
clastogenic effects, all of which are important events in carcinogenesis 
(Fenech, 2000). The MN assay has evolved into a comprehensive method for 
measuring DNA misrepair, non-disjunction, necrosis, apoptosis and cytostasis 
(Fenech, 2007).  Genotoxic effects (DNA damage in HeG2 cells) were 
observed for both ssDNA treated cells and chlorinated water treated cells in 
MN assay as shown by the mean MNi frequencies in the cells after treatment 
with the ssDNA and chlorinated water extracts in Fig. 8.7(A) & (B). There 
was no significant increase observed in the MNi frequency for ssDNA, at all 
the concentrations compared to the control, except for both 300 nM mixed and 
pure targets. However, significant increases in the MNi frequency were 
observed against the control for all the concentrations between 1 – 50 mL 
water/mL medium of chlorinated water extracts (p < 0.01-0.001). This is in 
accordance with the findings that showed chorine disinfection to induce 
cytogenetic damage in fish populations exposed to both NaClO and ClO2 
(Gustavino et al., 2005). Many isolated DBPs formed during the chlorination 
process were also found to induce chromosome damage in mammal cells, or in 
Salmonella (Richardson et al., 2007).  Thus, the process of chlorination both in 
presence and absence of humic acid or DBPs was found to cause genotoxicity 
in terms of both Comet and MN assay. 
 
 197 
In this study, chlorine disinfected water extracts had higher DNA double stand 
breaks level than ssDNA treated cells as observed in comet assay (Figure. 
8.7B). This difference may suggest that there is more induction of 
chromosomal damage in the cells disinfected with chlorinated water than with 
ssDNA. DNA double-strand break is one main reason for micronucleus 
formation, as positive results in the comet assay are normally accompanied by 
positive micronucleus tests (Lu et al., 2002, 2004; Yuan et al., 2005). In this 
study, higher DNA double strand break in comet assay was accompanied by 
higher MNi frequency indicating direct correlation between the comet assay 
and the MN frequency for chlorinated water extracts. This observation of 
positive comet assay (increase in DNA double strand break) in conjunction 
with the positive MN frequency (increased MNi frequency) has been reported 
in the literature for chlorination of natural waters (Lu et al., 2002, 2004; Yuan 
et al., 2005).  
 
This study has demonstrated that the ssDNA-based (ASO) gene silencing 
approach directed against E. coli is an effective disinfection technology with 
much less toxicological effects as compared to the conventional chlorination 
method. These findings open up further possibilities of investigation of the 
effectiveness of gene silencing as a disinfection strategy against microbial 








Figure 8.7: Micronuclei frequency of HepG2 cells treated by different 
concentrations of (A) groL-1 ssDNA (in nM) and (B) chlorinated water 
extracts (in mL water/mL medium. Star (*) indicates significant difference in 
cell numbers relative to those with no ssDNA at p ≤ 0.01, (**) p ≤ 0.001 and 




The major conclusions drawn from this study are listed below: 
• ASO gene silencing was successfully optimized and applied to 
inactivate E. coli by silencing two of its genes: marA and groL genes 
using ssDNAs. groL-1 ssDNA was found to decrease E. coli cells by 
1.2 fold following 90 min incubation, establishing its potential as a 
promising alternative disinfection technique for water treatment. 
  
• A comprehensive toxicity study was investigated in order to determine 
the possible health effects of using ASO gene silencing for disinfection 
applications as compared to the existing conventional chlorination. 
ASO gene silencing showed lower cytotoxicity, caspase3/7 levels, 
DNA damage, micronuclei frequency, and higher cell viability as 
compared to chlorinated water extracts. 
 
• ASO gene silencing was found to be more environmentally benign 
than the chlorination method. In order to fully establish the reliability 
of the ASO-based gene silencing method, more robust investigations 
are warranted with the use of environmental waters with their known 
chemical composition. 
 
• This study opens up further possibilities of investigation of the 
effectiveness of gene silencing as a disinfection strategy against 
waterborne pathogens by expanding the target pathogen and gene 
portfolios in order to determine the critical gene targets that have the 
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ability to deactivate a wide range of microbial pathogens found in 
drinking waters. 
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Chapter 9  
Development of a Simple, Rapid and Inexpensive 




Every year about 13 million people die due to exposure to waterborne 
infections.  According to World Health Organization (WHO, 2006), a third of 
the world population suffers from infections and/or diseases due to 
contaminated drinking waters. Bacterial contamination of natural waters is 
mainly responsible for the occurrence and spread of waterborne disease 
outbreaks (Craun and McCabe, 1973; Craun et al., 2010). Therefore, routine 
microbiological monitoring of natural waters with specific reference to 
bacterial pathogens is critically needed to prevent the spread of waterborne 
diseases and to safeguard public health. However, the lack of accurate, rapid 
and cost-effective diagnostic methods poses a major challenge in the 
prevention and control of infections and outbreaks produced by waterborne 
pathogens. Traditional microbiological methods used for detection and 
enumeration of bacterial pathogens has focused on the use of selective cultures 
and/or standard biochemical tests. These methods usually examine the 
presence of indicator bacteria, coliforms and Escherichia coli in natural waters 
and in drinking water.  
 
 202 
The traditional microbiological methods are carried out using membrane 
filtration or the “most probable number” procedures. However, these methods 
are very tedious, time-consuming and can even take several days to give final 
results (Fricker, 1999). Moreover, many bacterial pathogens such as 
Salmonella enteritidis, enterotoxigenic Escherichia col, Shigella dysenteriae 
and Vibrio cholerae have the ability to enter a viable but nonculturable 
(VBNC) state in response to environmental stress [Kong et al, 2009].  As a 
result, the results obtained from the microbiological methods are 
representative of the actual populations of microbial organisms in water and 
may underestimate the health risk. 
 
A widely accepted method for monitoring drinking water microbial quality in 
many countries is the membrane filtration (MF) technique.  However, there 
are concerns regarding the accuracy of the enumeration of microorganisms 
and the potential interference from other bacteria for coliform detection. 
Excessive crowding of colonies on the m-Endo media has been associated 
with a reduction in coliform colonies producing the metallic sheen (Rompre et 
al, 2002).  The other major concern of MF is its inability to recover stressed, 
or injured coliforms. The coliform bacteria may be subjected to sub-lethal 
damage during the disinfection processes, resulting in their inability to form 
colonies on a selective medium. Though new media have been developed to 
recover stressed coliforms, studies have shown that those media were still not 
as efficient when stressing agents such as chlorine and ozone are present 
(Rompre et al., 2002).  MF is also a time-consuming method, requiring a 
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confirmation stage, which could take a further 24h after the first incubation 
period on the selective media.  
 
The large number of modified media currently in use   suggests that there is no 
universal medium currently available, which allows the optimal enumeration 
of various coliform species originating from different environments and 
present in a wide variety of physiological states. Hence, a better and more 
efficient technique is needed for routine monitoring of the microbiological 
quality of water. Apart from culture-based methods, there exists quantification 
techniques based on the metabolic activity of viable cells such as crystal violet 
dye and enzymatic methods. However, these techniques suffer from 
limitations such as inability to differentiate between living and dead cells, or 
long incubation times.  
 
In order to overcome the deficiencies of the methods mentioned above, a 
quick, simple and inexpensive method for routine monitoring of the 
microbiological quality of water samples is needed.  One such method is the 
use of resazurin-based assay. Resazurin is a nontoxic, water-soluble dye that is 
reduced by electron transfer reactions associated with respiration, producing 
resorufin, a water-soluble product easily measured by a fluorescence or visible 
light spectrophotometer (O’Brien et al., 2000). Upon reduction, resazurin 
changes color from blue to pink to clear, as oxygen becomes limiting within 
the medium (Twigg, 1945). The first stage of this reduction is due to the loss 
of an oxygen atom that is loosely bound to the nitrogen of the phenoxazine 
nucleus. This change to pink resofurin is not reversible by atmospheric oxygen 
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and is largely independent of both reduction potential and oxygen content. The 
second stage of reduction to the colorless state is reversible by atmospheric 
oxygen (Guerin et al. 2001) as shown in Figure 9.1.  
 
Figure 9.1: Two-stage reduction of Resazurin 
 
Resazurin was discovered by Weselsky and first used by Pesch and Simmert, 
(1929) for estimating the bacterial content in milk. The bacterial cells present 
in the milk were able to reduce resazurin to resofurin and later to 
dihyroresofurin. The ‘resazurin-reduction test’ has been in use for 50 years to 
monitor bacterial and yeast contamination of milk, and also for the assessment 
of semen quality (O'Brien et al., 2000). Resazurin is very stable in a culture 
medium without cells, but is rapidly reduced in the presence of living cells. 
(Mariscal et al., 2009). Several reductases, such as diaphorases and NADPH 
dehydrogenase, could use resazurin as an electron acceptor and be responsible 
for the reduction of resazurin into resofurin (O’Brien et al., 2000).  
 
The dye was found to be non-toxic to the cells, and the presence of microbial 
cells was essential for the reduction of the dye, as shown in Figure 9.2. The 
cells may either induce a reduction of the medium, or enzymatically reduce 
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the resazurin intracellularly, as some fluorescence was found in the cytoplasm 
and nucleus of the cells. In addition, due to the rapid response of the dye, it 
has been investigated for toxicity assessment in fungicides.  
 
Figure 9.2: Reduction of non-flouroscent Resazurin to highly flouorscent 
Resorufin by redox reactions in viable bacterial cell. 
 
Over the last few years, resazurin assay has been used to measure the semen 
quality (Wang et al. 1998; Zrimsek et al. 2004), corneal viability (Perrot et al. 
2003), mitochondrial function (Zhang et al. 2004), and different types of cells 
for their cytotoxicity, toxicology, and apoptosis (O’Brien et al. 2000; Evans et 
al. 2001; Putnam et al. 2002; Batchelor and Zhou, 2004; Benavides et al. 
2004).  It is also used for biofilm quantification in micro titer plates in several 
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reports. In a recent study, a resazurin assay was optimized and evaluated for 
the quantification of biofilms formed in micro titer plates and compared with 
another six assays previously described in the literature (Peters et al. 2008). 
 
Despite the use of resazurin for a wide range of applications, very little is 
known about the performance of the resazurin-based assay in environmental 
samples, which contain a considerable amount of organic matter.  Till date, 
this assay has not been explored for environmental samples such as drinking 
water, wastewaters, or natural waters.  The present study has two objectives: 
(1) To determine if resazurin that can be used for the determination of 
microbial organisms in natural waters by comparison with the traditional 
culture-based method and (2) To evaluate the application of this method for 
examining the efficiency of disinfection against waterborne pathogens in the 
environmental samples such as waster water or rainwater. The proposed 









Figure 9.3: Proposed experimental approach for the determination of bacteria 
in natural waters 
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9.2 Materials and Methods  
9.2.1 Bacterial strain and Inoculum preparation 
Escherichia coli ATCC 700790 was grown in nutrient broth (NB) for 18–24 h 
at 37°C. To ensure that an equal number of bacteria were always used, a plot 
of absorbance at 620 nm against colony forming unit (cfu) was prepared, and a 
final concentration of 109 cfu/ml was adopted as the inoculum. The number of 
cells was determined by conventional plating method using nutrient agar 
(NA). 
 
9.2.2 Optimization of Resazurin Assay  
For the resazurin assay, a commercially available resazurin solution (Cell 
Titer-Blue, CTB, Promega, Maddison, WI, USA) was used. Stock solutions 
were stored at −20 °C. 100 µl phosphate buffer solution (PBS; pH 7) was 
added to all wells followed by the addition of 20 µl CTB solution. 
Fluorescence (λex: 560 nm and λem: 590 nm) was measured as relative 
fluorescence units (RFU) after 30, 60, 90, 120, 180 and 240 min of incubation 
(37 °C). 
 
To choose the initial inoculum of E. coli, the resazurin concentration, and the 
incubation time optimal for standardization of the test assay, different inocula 
of E. coli with a log-phase culture ranging from 2 x 104 – 2 × 109/ml were 
inoculated in different eppendorff tubes for 7 h at 37°C. E. coli cells in 100 µl 
PBS were inoculated in 100 µl TSB/tube volume and CTB resazurin solution 
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was added at different volumes ranging from 10 µl, 15 µl, 20 µl, 25 µl and 30 
µl followed by incubation at 37oC for 5 h.  To choose the optimal duration of 
incubation in the presence of resazurin solution, the tubes were incubated for 
periods ranging from 1 to 7 h to allow the optimal oxidation – reduction of 
resazurin dye by bacteria. All experiments were performed three times each 
i.e. in triplicate. 
 
9.2.3 Standard curves 
For the estimation of bacterial cells using resazurin assay, a standard growth 
curve (standard curve) for E. coli bacteria based on resazurin fluorescence 
activity was simultaneously generated from a series of E. coli bacterial 
suspensions containing serial dilutions of viable cells. For the growth curve, 
10 ml of 18 h old E. coli suspension culture in NB was centrifuged (5 min, 
8000 rpm) and the resulting pellet washed and resuspended in 10 ml of the 
PBS solution. Serial ten-fold dilutions were prepared in NB- CTB to a cell 
concentration of about 4–8 log cfu/ml.  The eppendorff tubes were then 
incubated at 37°C, and fluorescence was measured under the above conditions 
every hourly intervals for 7 h.  A negative control was made with 100 µl of 
sterile PBS and 100 µl of nutrient broth without bacterial cell was treated with 
CTB similar to the above tubes.  Simultaneously, 100 µl of the four PBS 
dilutions was plated in NA and the colonies ware counted after 24 h of 
incubation at 37°C and expressed as cfu.  
 
For application of the resazurin assay to environmental water samples, the 
standard curve with different concentrations of E. coli ranging from 104 -108 
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cfu were inoculated in 50 ml of sterile distilled water and filtered on the 
membrane filter.  The membrane filter was then inserted into eppendorff tube 
containing 200 µl nutrient broth and 30 µl resazurin dye. All tubes were 
wrapped with aluminium foil and then incubated at 37oC for 10 h. At hourly 
intervals, the RFU readings were taken. The average RFU readings were 
plotted into graphs. After the graphs were plotted, the number of hours needed 
for the dye for each bacteria concentration to reach 50% fluorescence level 
was determined. The number of hours was plotted against the bacteria 
concentration, and a linear relationship was obtained from the graph. This 
linear relationship was then used to estimate the amount of bacteria present in 
the samples, depending on the time the dye took to change its color.  
 
9.2.4 Application of assay to Real water samples 
Fourteen samples, (six rainwater, eight roof runoff were collected on different 
days. 10 ml of each of the sample was filtered using the Millipore filter 
assembly using membrane.  The membrane was inserted into an eppendorf 
tube containing 200 µl nutrient broth and 30 µl resazurin dye. A negative 
control was made with just 200 µl tryptic soy broth and 30 µl of the dye and a 
sterile membrane. All tubes were wrapped with aluminium foil and then 
incubated at 37oC for 10 h. At hourly intervals, the RFU readings were taken. 
The average RFU readings were plotted into graph of RFU against time, from 
this graph, the number of hours needed for the dye for each bacterial 
concentration to reach 50% fluorescence level was determined. The number of 
hours was plotted against the bacteria concentration, and a linear relationship 
was obtained from the graph. This linear relationship was then used to 
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estimate to amount of bacteria present in the samples, depending on the time 
the dye took to change color. 
 
9.2.5 Culture method for Natural water samples 
The rainwater and roof runoff samples were plated using the standard culture 
method on sterile nutrient agar to get the exact number of bacteria present. The 
results obtained from the culture-based method were compared to those from 
the Resazurin assay. 
 
9.2.6 Disinfection Assay  
The disinfectant used in this study was 1% sodium hypochlorite (Sigma). The 
bactericidal activity of the disinfectant was determined using the dilution–
neutralization method against bacteria in suspension (AFNOR, 1995). The 
neutralizing agent employed was D/E neutralizing broth (Difco). A contact 
time of 30 min was used for the disinfectant. The contact time for the 
neutralizer was 10 min. 
 
Rainwater and roof runoff water samples were disinfected with 1% sodium 
hypochlorite (NaOCl) and left to stand 30 min at room temperature. Sterile 
distilled water was used as a negative control. After the sufficient contact time, 
10 ml of D/E neutralizing broth was added to all the samples to neutralize the 
disinfectant activity. The assay was carried out on the samples after 10 min of 
contact with the neutralizer addition, following the procedures given in section 
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8.2.4. The results obtained after disinfection were compared to those obtained 
from the water samples before disinfection. 
 
 
Figure 9.4: Summary of the methodology used for developed Bioassay  
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9.3 Results and Discussion  
9.3.1 Resazurin Assay 
The selection and optimization of the amount of resazurin dye to be added the 
test samples is important as it will determine how much of the dye 
components are present, and how fast they will be metabolized by the bacteria. 
Dye concentrations ranging from 10 µl to 30 µl were chosen for this 
investigation. These dye amounts were optimized for every 200 µl total 
reaction volume used. From these experiments, 15 µl was found to be the 
optimal amount of dye required for the colorimetric assay at both highest and 
lowest concentrations of E. coli (Figure 9.5). 
 
 In bioanalysis, the matrix components present in biological samples can 
influence and affect the detection response of the analyte of interest (Chiu et 
al., 2010). Therefore, in this study, the analyte of interest i.e. resazurin dye’s 
conversion to resorufin was investigated for matrix effects, which is an 
important component of any bioanalytical method development and validation 
(Chiu et al., 2010). The matrix effect was studied by carrying out resazurin 









Figure 9.5: Standard growth curves obtained for two different volumes (15 µl 
and 25 µl) of resazurin tested for a wide range of concentrations of E. coli (A) 








Figure 9.6: Standard growth curves of different inoculum of E. coli suspended 
in different matrix (A) nutrient broth, (B) sterile distilled water, and  (C) 
disinfected rainwater 
 
The average fluorescence signals, expressed as relative fluorescence units 
(RFU), obtained in the experiments with diluted working cultures containing 
resazurin solution after 5 h of incubation are shown in Figure 9.7 As can be 
seen, each regression line comprised a first phase with a high slope line, an 
intermediate phase of stability, whose duration varied depending on the cell 
numbers, and a final phase of decline. For 108 and 107 cfu/ml bacteria 
concentration, a full sigmoid curve was obtained, with the lag phase, 
exponential phase, short phase of stability and the final phase of decline. 
However, the sigmoid curve was incomplete for 106 and 105 cfu/ml 
concentration. The growth curves managed to reach only the exponential 
phase of the bacteria growth curve within 6 hours of incubation time. This is 
mainly due to the lower number of bacteria present in water sample. The 
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higher the amounts of bacteria present in water samples, the faster the dye 
metabolism to produce fluorescence.  As some incubation time is required for 
the multiplication of bacteria in the suspension, the expected full sigmoid 
curves for lower concentrations of bacteria were not obtained within 6 h.  
 
Since 108 cfu/ml is a high concentration of bacteria, there was no lag phase 
observed for the growth curve of bacteria at this concentration. Upon addition 
of the dye, the bacteria immediately metabolized it to produce first the 
fluorescent resorufin. Within an hour, the peak in the RFU value was obtained. 
The bacteria used resazurin to first stage of resorufin to produce a pink 
fluorescence color at a rapid rate. After all the resazurin was metabolized to 
resorufin, the latter was then reduced to dihydroresorufin, which is colorless 
(Twigg, 1945). This accounts for the drop in RFU readings, as the colorless 
dihydroresorufin is non-fluorescent, which dilutes the pink fluorescence of 
resorufin.  The redox reaction between resorufin and dihydroresorufin is 
reversible, as dihydroresorufin can be re-oxidized back to resorufin with traces 
of oxygen. With the constant reversible reaction taking place, the RFU values 
taken after the first hour reached a steady state instead of going back to zero 
RFU. 
 
For 107 cfu/ml, it can be seen from Figure 9.7 that there is a short lag phase in 
the fluorescence emission curve in the first hour of incubation, followed by an 
exponential increase in RFU values. The peak in the RFU value was observed 
approximately 2 h after the peak value of 108 cfu/ml.  For 106 cfu/ml bacteria 
concentration, fluorescence was detected after 3 h of incubation time, while 5 
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h were needed for 105 cfu/ml.  Peak RFU values were unable to be detected for 
these two curves as the incubation time was not long enough for the bacteria to 
metabolize all the resazurin present, as with lower the bacteria concentrations, 
it takes much longer time for the same amount of resazurin to be metabolized 
to resorufin.  
 
The standardized assay was able to detect higher bacterial concentrations such 
as 108 CFU/ml, within the first 60 min, and lower concentrations such as 105 
cfu/ml within 6 h. The growth curves and time taken for the resazurin dye to 
change color were found to be similar to those of the standard curves obtained 
by Mariscal et al. (2009) for resazurin assay used to assess E. coli biofilm 
cultures. The optimized colorimetric assay in this study was found to be very 
rapid in terms of the results obtained as compared to the conventional methods 
such as the standard plating method, which needs at least 18 -24 h for results.  
 
The limitation of the assay was that it takes more than 10 h to detect bacterial 
concentrations lower than 105-104 cfu is the concentration of bacteria generally 
found in natural waters. Thus, the assay was further optimized in order to be 
able to detect further lower concentrations in natural waters by incorporation 
of an additional concentration step. This step was incorporated into the assay 
to concentrate the amount of bacteria present in the sample onto a filter 
membrane, which is normally done in the traditional MF method. The 
hypothesis was that if the bacteria were concentrated on the membrane, 
fluorescence signals could be obtained much earlier even for lower 
concentrations of bacteria as compared to the numbers suspended in the 
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samples. Thus, the bacterial suspensions at different concentrations were 
filtered onto the membrane filter, and the membrane filter was then added to 
the eppendorf tube containing the dye reaction mixture. From the standard 
curves obtained after the concentration step in Figure 9.8, it can be seen that 
even lower bacteria concentrations can now be detected within the 10 h of 
incubation time.  
Figure 9.7: Optimized assay for different inoculum suspensions of E. coli 
based on resazurin fluorescence activity expressed as relative fluorescence 
unit (RFU). 
 
Using the RFU values obtained during the initial phase of exponential 
fluorescence emission of the inocula, the time needed for the fluorescence 
signal of each one of them to reach 50% of maximum fluorescence was 
calculated by regression analysis. For calculating the 50% value, only 
emission values between 10% and 90% of the maximum value were estimated. 
Figure 9.9 shows the correlation between the inoculum size of each of the 
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strains and the time needed for the fluorescence signal to reach 50%, together 
with the resulting equations and their R2 values. 
 
 
Figure 9.8:  Standard curves for RFU readings against time for different 
concentrations of E.coli assayed using the membrane concentration method. 
 
 
Figure 9.9:  Correlation between different inoculum sizes expressed as log 
cfu, and the time required to reach a 50% fluorescence level. Each point 
represents the average from three independent assays. 
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Table 9.1 shows the comparison between the number of hours taken for each 
innoculum to reach it peak fluorescence with and without the concentration 
step. From Table 9.1, it is evident that the concentration step has improved the 
sensitivity and speed of the assay by allowing faster detection of the various 
concentrations. The previous study by Mariscal et al. (2009) on resazurin had 
limitations in that higher numbers of microorganisms were needed to produce 
color change, which resulted reasonably quickly for their assay. In this 
optimized bioassay, that limitation was overcome by the incorporation of a 
step concentrating the bacteria present in suspension onto the membrane for 
faster detection. 
Table 9.1: Comparison of resazurin assay with and without concentration for 
different concentrations of E. coli 







107 3 1 
106 5 - 6 3 
105 8 6 
104 > 12 10 
 
9.3.2 Quantification of E. coli in natural waters 
Fifteen natural water samples comprising six rainwater and nine run-off 
samples were subjected to the traditional culture based method and the in–
house method based on resazurin assay for quantification of bacteria.  The 
results of the fifteen samples obtained using both the above-mentioned 
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methods are shown in Table 9.2.  It was observed that for all the fifteen natural 
water samples, the results obtained for both the methods were similar. For 
some samples, the resazurin assay showed higher counts than those obtained 
from the traditional culture-based method.  This can be explained by the 
presence of VBNC in the water samples, which can be quantified by the 
resazurin assay but were unaccounted for in the culture- based method. 
 
The quantification of bacteria by the bioassay was found by substituting the 
number of hours the innocula took before significant fluorescence emission 
was detected, into the equation obtained from the regression line in Figure 9.9.  
It can be seen from the comparison that both methods gave similar 
quantification results, in the same order of logarithmic cfu/ml value. For all 
the fifteen samples, the growth curve was obtained using the resazurin assay 
along with the visual check on the color change.  Thus, the results of resazurin 
assay were collated scientifically with growth curves along with non-technical 
easier visual check for validation for all the 15 rainwater and roof runoff 
samples. Figure 9.10 shows the results obtained for rainwater and roof runoff 
water samples collected on 15th February 2011. It shows comparable results 
for the quantification of the bacteria present in the two types of natural water 
samples using both the standard culture-based method and the resazurin assay.  
It also shows the fluorescence emission curves and the stark color change in 
the dye for both samples after 10 hr of incubation. The roof runoff sample, 
which showed significantly a larger number of bacteria, produced fluorescence 
signals much faster than the rainwater sample.   
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Table 9.2: Quantification of bacteria in rainwater and roof runoff water 











1 15/2 RW < 10 < 102 More than 10 
2 15/2 RO ~104 3.2 x 104 4 
3 22/2 RW < 10 3.2 x 102 10 
4 22/2 RO 6 x 103 1.6 x 104 5 
5 25/2 RW < 10 < 102 More than 10 
6 25/2 RO 2 x 104 1.6 x 104 5 
7 3/3 RW  1 x 102 < 10 More than 10 
8 3/3 RO  < 10 3.2 x 102 10 
9 4/3 RW  < 10 < 102 More than 10 
10 4/3 RO  < 10 3.2 x 102 10 
11 14/3 RO 1 x 103 6.3 x 103 6 
12 14/3 RW < 10 3.2 x 102 10 
13 14/3 RUO 1 x 104 3.2 x 104 4 
14 14/3RUD 6 x 103 6.3 x 103 6 
15 15/3RUD 2 x 104 1.6.x 104 5 





Figure 9.10: Comparison of results obtained for rainwater and roof runoff 
samples collected on 15 February 2011 using  (A) Culture-based method and  





For a 104 CFU/ml roof runoff sample, it only took approximately 4 h with the 
resazurin assay to determine bacterial numbers. This is very rapid as compared 
to the standard culture method that requires at least 18 h to culture and 
incubate the media plates before it can be quantified. The prominent color 
difference between the rainwater and roof runoff samples after 10 h of 
incubation also gave a very clear visual way to distinguish and have idea about 
the samples containing higher number of bacteria. Thus, the resazurin assay 
made it possible to easily distinguish between samples using visual check at 
the color difference, making the resazurin bioassay very simple to use and 
accessible even to non-technical or less skilled personnel for determining the 
microbial content of water samples. 
 
9.3.3 Disinfection Efficiency Testing 
Microbial growth is usually measured by an increase in plate counts (viable 
counts), direct microscopic counts, dry weight, turbidity measurement, 
absorbance or bioluminescence (Gabrielson et al., 2002) and different ways of 
expressing growth inhibition include LOEC (Lowest Observed Effect 
Concentration), MIC (Minimum Inhibitory Concentration), IC50 and MTC 
(Minimum Toxic Concentration) (Gabrielson et al., 2002). As resazurin 
reduction to resorufin occurs intracellularly by mitochondrial enzymes, or in 
response to chemical reduction of the growth medium (O’Brien et al., 2000; 
Byth et al., 2001), inhibition of resazurin reduction indicates an impairment of 
cellular metabolism (Dayeh et al., 2004). Gabrielson et al. (2002) reported that 
resazurin could not be easily read by spectrophotometry at a single wavelength 
since it displayed different colors (blue–pink-colorless) during transformation.  
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In the present study, resazurin reduction to different states was taken as 
indication of the bacterial activity and the inhibition of this reduction indicated 
the absence of bacterial activity, thus giving indication about the efficiency of 
the tested disinfectants on the target bacteria. In this study, disinfectant 
activity was estimated from the percentage of fluorescence decrease (estimated 
as RFU) in relation to a control without disinfectant. The roof runoff sample 
containing bacteria, as proved earlier using the standard culture method and 
resazurin assay, were disinfected using sodium hypochlorite solution and the 
resazurin assay was performed after disinfection also. Figure 9.11 shows the 
roof runoff sample subjected to the resazurin assay before and after 
disinfection. It was observed that after 10 h of incubation, pink fluorescence 
was obtained in the sample without disinfection while the dye remained in its 
original color in the sample with disinfection. The color difference clearly and 
visually indicated that the pathogens originally present in the roof runoff 
sample have been deactivated and the disinfectant is efficient in inactivating 
bacteria. From the results shown in Table 9.2, if a color change required more 
than 10 h to be detected, it would indicate that there are less than 103 cfu/ml of 
bacteria present in the sample. This result was further verified by the standard 
culture-based method, where less than 10 cfu/ml of count was obtained. Hence 
for the roof runoff sample, after disinfection, indicated inhibition of bacteria 
confirming that the resazurin assay is capable of evaluating the efficacy of a 
disinfectant, and can be used directly on natural water samples before and 
after disinfection. The resazurin assay proves to be a promising, viable method 
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for measuring reductions of 5-log cfu (cfu) within 6 h (h), which is sufficient 
for the disinfectant to be regarded as efficient. 
 
 
Figure 9.11: Color change in Roof runoff sample before and after disinfection 




This study was carried out to optimize and develop a simple, rapid and 
inexpensive method for detection of bacteria in natural water samples. The 
major conclusions drawn from this study are listed below: 
• The Resazurin assay was optimized assay to detect bacteria in natural 
water samples based on reduction of non-fluorescent resazurin dye 
(purple color) into a fluorescent resorufin (pink color) intracellular by 
bacteria. Thus, the presence of Resorufin or reduction of resazurin 
indicated the presence of bacteria and the absence of Resazurin 
reduction indicated the absence of bacteria or bacterial activity.  
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• This method was able to detect log 8 bacteria in less than 1 hour and 4 
log bacteria with in 6 h of incubation in complex environmental 
samples such as rainwater and roof runoff water.  
 
• The visual color change indicating the presence or absence of bacteria 
makes this assay highly accessible to routine laboratories overcoming 
the need for complex instruments and highly skilled personnel. 
 
• This Resazurin assay merits consideration in a battery of other 
biomarkers tests for routine monitoring of the microbiological quality 
of water samples.  This method also represents a viable approach for 
the rapid screening of disinfectants for their efficacy assessment.  
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Chapter 10  
Summary and Conclusions 
10.1 Summary   
Water is essential to life, but many people do not have access to clean and safe 
drinking water. The global scarcity of freshwater sources for the supply of safe 
drinking water is escalating day by day.  In addition, there are serious health 
concerns about the spread of waterborne bacterial infections.  Thus, providing 
a sustained supply of safe drinking water for everyone is a top priority in the 21st 
century. The motivation for the current doctoral thesis was to develop and 
provide a complete and holistic understanding about the sources, prevalence, 
and removal of bacterial pathogens in natural waters with the use of advanced 
molecular techniques.  The following specific aspects were addressed in this 
study. 
 
10.1.1 Detection of Microbial pathogens in Natural waters 
Currently, there is limited knowledge on the prevalence and temporal and 
spatial distributions of microbial pathogens in natural waters. The reasons for 
this limited knowledge include (1) lack of suitable bioanalytical techniques for 
accurate detection, identification and quantification of microbes in water; (2) 
prediction of the presence of microbial pathogens by monitoring microbial 
indicators rather than the entire microbial community or pathogens directly; 
(3) The presence of microbial pathogens in viable but non culturable (VBNC) 
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state in waters has been underestimated in traditional monitoring methods.; 
and (4) There is a need to study the emergence of new microbial pathogens 
called the emerging pathogens. To overcome these challenges, rapid and  
sensitive detection and monitoring methods are needed with the capability of 
quantifying all the microbial pathogens in natural waters.  This research work 
was initiated with development of an in–house robust and sensitive molecular 
technique, specifically, quantitative PCR (qPCR). This technique has a 
detection limit of 10 femtogram, so it can quantify even low levels of 
pathogens in water. Using this robust method, the microbiological quality of 
fresh rainwater was assessed from 50 rain events under tropical weather 
conditions for a year. The levels of four major opportunistic waterborne 
pathogens, namely, Escherichia coli, Klebsiella pneumoniae, Pseudomonas 
aeruginosa, and Aeromonas hydrophila were studied. 
 
10.1.2 Sources and Transport of Microbial Pathogens in Natural Waters 
 Microbial pathogens are either already present in the source water, or 
introduced at a later stage into the freshwater resources through various 
environmental pathways, especially atmospheric deposition and surface 
runoff. Thus, to obtain a more realistic assessment of the microbial loading in 
natural waters, it is necessary to understand the major sources, or 
environmental factors controlling the transport of microbial pathogens to lakes 
and reservoirs. In this work, Escherichia coli, Klebsiella pneumoniae, 
Pseudomonas aeruginosa, and Aeromonas hydrophila were found to be very 
high in rain events during smoke haze periods (haze caused by uncontrolled 
forest and peat fires) as compared to those in non-haze periods, suggesting a 
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strong influence of ambient air quality (e.g. regional smoke haze) in 
determining the prevalence and abundance of pathogens in rainwater. In 
addition to this quantitative assessment of bacterial pathogens in rainwater, a 
strong association between aerosol particles (particles suspended in ambient 
air) and rainwater was also observed. This observation suggested that airborne 
pathogens contained in aerosols could be transferred to rain droplets through 
in-cloud or below-cloud scavenging processes.  The metabolic state of these 
opportunistic bacterial pathogens in airborne particles was determined using a 
modified qPCR method in conjunction with the use of propodium monoazide 
(PMA) and was found to be active (viable). This finding indicated the 
importance of considering the biogeochemical cycling of microbial organisms 
among different ecosystem in the context of understanding the hydrological 
cycle of microbial pathogens.  This link between ambient air quality and 
surface water quality was further confirmed in this study by evaluating the 
impact of rainwater on the microbiological quality of water resources as well 
as the related bacterial diversity. Both traditional (16s RNA cloning-
sequencing) and high throughput methods (PhyloChip) were employed to 
study the total bacterial diversity of fresh rainwater and reservoir water.  The 
microbial water quality was also assessed using traditional fecal indicators. 
This systematic investigation revealed that traditional fecal indicators and 16s 
RNA cloning-sequencing failed to capture and account for the increase in 
fecal pollution of reservoir water after rain events as compared to the 
PhyloChip analysis.  This high throughput method not only showed the role of 
rainfall (wet deposition of airborne microorganism) to the increased 
abundance of bacterial diversity, but also led to the discovery of a new fecal 
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bacterial family, Lachnospiraceae, that could be used as potential alternative 
water quality indicator for microbial source tracking. 
 
10.1.3 Inactivation and Monitoring of Microbial Pathogens in Natural 
waters.   
A large number of waterborne outbreaks have been reported over the years 
due to insufficient disinfection of pathogens or its complete failure at water 
treatment facilities. Thus, proper and reliable mitigation of such outbreaks by 
inactivation of microbial pathogens is very important to safeguard public 
health. Chlorination is the conventional and commonly used disinfection 
method in most countries. However, there are environmental and public health 
concerns associated with the formation of disinfection by-products (DBPs) 
during the disinfection process.  A novel approach making use of antisense 
oligonucleotides (ASO)-based gene silencing was developed as a preferred 
disinfection method as it is environmentally benign.  ssDNA against groL and 
marA genes of E. coli was investigated. groL-1 ssDNA against the groL gene 
was found to be the most suitable target gene for  ASO-based gene silencing 
as compared to marA in E.coli. This novel gene silencing method was later 
assessed for its toxicological impacts in comparison with the traditional 
chlorination method.    
 
10.1.4 Development of a rapid and simple method for determination of 
the presence of  E. coli  
 Assessment of the effectiveness of disinfection process and regular 
monitoring of water quality for bacterial pathogens is extremely crucial to 
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prevent the occurrence of waterborne outbreaks. Consequently, a rapid, 
inexpensive and simple detection method based on “Resazurin” (an organic 
dye) was developed to assess disinfection efficiency as well as the presence of 
bacteria in natural waters.  
 
10.2 Conclusions  
The major conclusions drawn from this doctoral study are enlisted below.   
 A real-Time PCR (qPCR) technique was successfully developed, 
optimized and applied for detection of waterborne pathogens in natural 
waters. The qPCR technique was found to be more sensitive in 
detecting waterborne pathogens than the traditional culture-based 
method for the water samples. 
 
 The minimum detection limit of the qPCR technique was estimated to 
be 10 femtograms (fg) for detecting a range of bacterial pathogens (E. 
coli, P. aeruginosa, K. pneumoniae and A. hydrophila genomic 
DNAs).  The sensitivity of this technique is higher by a factor of 10 
compared to microarray and culture methods. 
 
 The natural water (rainwater) was found to contain three of the four 
targeted pathogens, E. coli, P. aeruginosa, and K. pneumoniae. E. coli 
was found to be the most prevalent pathogen while  A. hydrophila was 
the least.  
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 The microbial diversity and their abundance were found to be very 
high in rain events sampled under the influence of smoke haze periods 
as compared to those in non-haze periods, suggesting that uncontrolled 
forest and peat fires affect ambient air quality due to the spread of 
smoke haze on a regional scale. Changes in ambient air quality in turn 
play an important role in determining the prevalence and abundance of 
pathogens in rainwater.  
 
 The key factor that affects the microbial quality of rainwater is the 
wash-out of airborne particulate matter containing a host of 
microorganisms. The transfer of these microorganisms from aerosol 
particles to rainwater could occur through in-cloud scavenging and/or 
below-cloud scavenging processes.   
 The prevalence of bacterial pathogens in rainwater and that of airborne 
particles were found to be quite similar, when collected and processed 
simultaneously, confirming that rain–aerosol coupling should be 
considered to study the fate and transport of airborne microorganisms; 
the importance of this coupling has been demonstrated for bacterial 
pathogens for the first time, although known previously for chemical 
contaminants. 
 
 A modified qPCR method, assisted with PMA treatment, was 
developed and optimized for detection of viable potential bacterial 
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pathogens in the airborne particulate matter of biomass burning origin 
along with the optimization of a quick and consistent DNA extraction 
protocol from airborne particles.  
 
 The modified-qPCR method can be employed as a fast and reliable 
tool for quantification of live (Gram-negative) bacterial pathogens in 
environmental samples.  This method can also be extended to Gram-
positive bacterial pathogens such as Staphylococcus, Streptococcus 
and Bacillus. 
 
 Using the qPCR-PMA method, the metabolic state of bacterial 
pathogens being transferred from airborne particles into rainwater was 
found to be active or live, indicating the need for quantitative health 
risk assessment of rainwater prior to being used for portable purposes.  
 
  The microbial water quality of fresh rainwater and reservoir water was 
assessed and compared based on the counts for the traditional 
microbial indicators, namely, Escherichia coli, Total coliforms and 
Enterococci bacteria by the USEPA approved methods, along with 
their taxonomic richness and phylogenetic relationship using 16S 
rRNA.   
 
 The rainwater microbial loads were not found to impact the reservoir 
quality significantly based on the use of traditional microbial 
indicators, suggesting that the microbial native diversity in water 
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resources  was not altered significantly by the inflow of microbial 
loads during rain events as per traditional culture based indicators.   
 
 Members of Betaproteobacteria group were the most dominant 
bacterial genera in both fresh rainwater and reservoir water, followed 
by Alphaproteobacteria, Sphingobacteria, Actinobacteria and 
Gammaproteobacteria. 
 
 Fresh rainwater showed greater taxonomic richness than that of 
reservoir water. The Operational Taxonomic Unit (OTU) with greatest 
difference in relative abundance for fresh rainwater was Curvibacter 
whereas for reservoir water it was Ralstonia.  However, these tentative 
findings are based on culturable bacteria and does not account for 
VBNC. Thus, further confirmations needs to be done with more 
extensive sampling and high throughput molecular analysis of 
rainwater and reservoir water for an extended period of time. 
 
 To overcome this limitation, high-density 16sRNA-based PhyloChip 
microarray analysis was performed for fresh rainwater, reservoir water 
before and after rainevents.  This analysis with the state-of-the-art 
molecular technique revealed that Lachnospiraceae and Rikenellaceaell 
families were very dominant among all the samples followed by 
Pseudomonadaceae.   
 
 The bacterial taxa spanned a broad range of phyla in both the reservoir 
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and rainwater samples, including Firmicutes, Proteobacteria, 
Bacteroidetes and Planctomycetes, which were similar in both the 
microbiome. 
 
 It was found that the fresh rainwater samples were associated with 
higher levels of Burkholderia sp., Methylobacterium fujisawaense,  
Acidobacteriaceae and lower levels of lower levels of 
Sphingomonadaceae, Microbacteriaceae as compared to those in the 
reservoir water samples.   
 
 The PhyloChip analysis was further extended to study changes in 
microbial diversity before and after rainevents, which provided 
insights into the influence of rainevents on the microbial quality of 
reservoir water. 
 
 It was observed that reservoir water samples collected before and after 
the rain event in a local reservoir within Singapore had similar 
microbiome, but changes in abundance of certain microbial 
populations were observed after rain events including an increase in 
Caulobacter vibrioides, multiple OTUs within Lachnospiraceae and 
Rhodospirillacea.  
 
 The species found to increase after rain events mostly belonged to the 
Lachnospiraceae family, which are human fecal bacteria. This 
observation confirmed the negative influence of tropical rainfall on the 
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bacterial species abundance of freshwater stored in reservoirs.  This 
finding suggests that the transfer of microorganisms from rainfall to 
surface water be considered in studies dealing with microbial source 
tracking  
 ASO-based gene silencing was found to be an effective disinfection 
technology for inactivation of E. coli.  
 
 groL was found to be the suitable gene to be targeted for Gene 
silencing as compared to marA in E.coli with an inactivation potential 
of 1.5 log reduction in 90 min. 
 
 A comprehensive in-vitro toxicity study was conducted in order to 
determine the possible health effects of antisense gene silencing as 
compared to the conventional chlorination method for disinfection of 
E. coli . 
 
  Gene silencing was found to be less toxic than chlorination to HepG2 
cells in terms of cytotoxicity and gentoxicity, indicating it is a safer 
method for disinfection than chlorination. ASO-based gene silencing 
showed lower cytotoxicity, caspase3/7 levels, DNA damage, 
micronuclei frequency, and higher cell viability as compared to 
chlorinated water when subjected to cytotoxicity, caspase  -- 3/7 
activation, Comet, micronuclei and cell viability assays. 
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 A rapid and simple bioanalytical method based on Resazurin dye was 
developed to detect the presence of bacteria in natural waters as well as 
to assess the disinfection efficiency of commonly used disinfectants 
when applied to environmental water samples.  
 
 The newly developed and optimized assay was able to detect 8 log 
bacteria in less than 1 hour and 5 log bacteria within 6 hours of 
incubation in challenging, complex environmental samples such as 
rainwater and runoff water.  
 
 The Resazurin assay is a viable method for measuring reductions of 5-
log cfu within 6 hours, which is sufficient for the tested disinfectant to 
be regarded as efficient.  
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In order to overcome the major challenges associated with water scarcity and 
water quality, further research in molecular techniques needs to keep itself 
abreast with advances in the field of environmental microbiology.  
Considering that freshwater is one of the most important resources for humans 
and that it sustains very diverse ecosystems, our knowledge of freshwater 
microbial ecology also needs to be augmented with the use of powerful, high 
throughput molecular techniques such as GeneChip.  GeneChip microarrays 
enable whole-genome expression analysis, and thus along with Phylochip 
analysis it will open a new avenue for in depth knowledge and studies of the 
composition, dynamics, regulation and function/role of the microbial 
communities in that specific environment. 
 
Based on the research outcomes of this doctoral study, some specific 
recommendations are made for immediate future work is as outlined below:  
 
Microbial Diversity  
1. Further research is required on the spatial and temporal variations of 
microbial populations (bacteria, protozoa and viruses) in order to 
understand the differences in diversity and species composition 
between different habitats. , More detailed data on microbial 
community dynamics with much improved temporal and spatial 
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resolution will provide new insights into the true shape and nature of 
the microbial environment in natural waters. 
 
2. To date, in comparison with marine environments, the distribution of 
microbial populations and functional genes remains relatively poorly 
understood in freshwater sources. The PhyloChip used in this study 
gave deep insights into the diversity of the microbial population in 
freshwaters. To gain more knowledge on the genetic diversity of 
natural waters under different weather conditions, GeneChip analysis 
for functional groups or specific genes is recommended as it will 
expand and enhance the current knowledge base on the microbial 
populations in freshwaters. This knowledge will in turn  improve our 
understanding of microbial dynamics in response to environmental 
change.  With the current concerns over climate change and its impact 
on water quality, the microbiological analysis of natural waters with 
the use of advanced molecular techniques will provide a wealth of 
information for possible improvement of water quality and protection 
of our precious water resources. 
 
Microbial Quality & Monitoring 
3. Automated sampling and analysis systems for monitoring microbial 
communities are already in development in the last few years. 
However, these systems are yet to be demonstrated for routine 
monitoring of microbial quality of water under field conditions. The 
major limitation is that most of these techniques are based on the use 
 242 
of PCR, which have difficulty in detecting total DNA. Thus, further 
research needs to be done in this area by making use of the modified 
qPCR method developed in this doctoral study and successfully 
applying it in the real–time automated analysis systems. With this 
suggested approach, a real picture of the microbial quality of water 
would emerge, which can then be compared with the performance of 




4. In order to provide safe drinking water and/or rainwater for human 
consumption, research should not only focus on microbiological 
aspects of water, but also need to consider toxicological effects of 
treatment technologies used, especially disinfection methods. In this 
doctoral study, the toxicological effects of chlorination and the 
proposed method, namely, gene silencing were studied using in-vitro 
experiments with exposure to HepG2 cells cells. Taking it further, 
research needs to be done on the toxicological aspects of all the 
disinfection methods used for treatment worldwide and a complete 
microbial risk assessment study should be performed along with in 
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